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ABSTRACT 
Post-seismic Displacement Response in Normally Consolidated Clay Slopes 
Nicholas E. Malasavage 
 
 
 
 
Moderate to large earthquakes typically trigger thousands of landslides, some of 
which significantly impact the built environment.  In addition to co-seismic displacement, 
episodes of slow post-seismic movement have been noted in clay-rich slopes. Often these 
movements continue for days to weeks following the main shock. While analytical 
methods exist for predicting the potential for and displacement of inertially driven slope 
failures, no such procedures exist for identifying and predicting delayed and/or sustained 
displacement response in the post-seismic period.   
This project investigated the role of pore pressure generation and subsequent 
dissipation on slow-moving landslides following earthquake shaking in normally 
consolidated clay slopes.  Methods used to investigate this phenomenon focused on the 
testing of three geotechnical centrifuge models and complementary numerical modeling 
program.  
Dynamic model response was grouped in two categories depending on whether or not 
permanent displacements occurred (i.e. non-destructive and destructive).  For destructive 
motions displacement occurred along an initially localized slip surface, which then 
developed to a more diffuse (> 1 m) shear zone.  This shear zone had the net effect of 
reflecting energy downward into the profile and preventing transmission of energy to the 
upper portions of the profile.  This in turn concentrated residual pore pressure induced by 
cyclic strains to the lower one-half to one-third of the soil profile. 
 xii
Post-seismic displacements in models were shown to be a result of transient states of 
lowered effective stress (i.e., factor of safety less than 1) induced by seismically 
generated excess pore pressure.  These failures occur at shallow depth (< 2 m) as pore 
pressure generated deeper (> 5 m) in the profile migrated and dissipated at the slope 
surface.  A power law viscosity model incorporated into the equation of momentum was 
shown to accurately predict displacements observed under assumed infinite slope 
conditions. 
Primary factors contributing to this post-seismic response were geometry and 
subsurface conditions.  Most sensitive to fluctuations in transient pore pressure (i.e. 
effective stress) were slopes of marginal stability (factor of safety less than 1.1). When a 
low permeability layer was located at the surface, post-seismic displacements were 
highest owing to impedance of excess pore pressures.  Permeability contrasts within the 
soil profile had the cumulative effect of creating a zone of pore pressure accumulation 
and a preferred failure surface. 
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CHAPTER 1: PROJECT OVERVIEW 
1.2 Research Statement 
Moderate to large earthquakes typically cause thousands of landslides (Keefer, 1984).  
Consequently, earthquake-induced landslides, in many cases, have significant impact on 
the built environment.  One manner in which these occur is initiation of sliding 
significantly after the end of earthquake shaking, or continued sliding in the days and 
weeks following the main shock.  Despite a lack of design tools, and extensive 
documentation, delayed failures have been observed for some time (Keefer, 2002).  In 
stratified granular deposits, this phenomenon has been linked to void redistribution (e.g. 
Malvick et al., 2004 and 2006, Kulasingam et al., 2004) in recent well documented 
research.  However, this mechanism does not extend to normally consolidated cohesive 
deposits, soils in which sustained or delayed sliding has been observed. 
Although analytical and design tools exist for predicting the potential for, and 
displacement magnitude of inertially driven slope failures, none exist for identifying 
delayed and/or sustained displacement response in the post-seismic period.  Nonetheless, 
both modes of failure (i.e. short- and long-term) present the potential for economic loss 
and risk to life safety.  This project focused on identifying the mechanism of post-seismic 
displacement response in clays and the physical geometry and geologic conditions likely 
to precipitate such failures. 
This project specifically investigates the role of pore pressure dissipation on slow-
moving slope failures in the first few days following shaking.  This was accomplished 
through the use of three centrifuge models.  These models allowed for highly controlled 
slope geometries to be constructed and tested under a diverse suite of input loading 
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conditions.  Furthermore, centrifuge scaling principles allowed for the collection of post-
seismic in the period following each shake (days in prototype units).  This physical 
modeling effort in the centrifuge was paralleled with a companion numerical modeling 
program to identify mechanisms governing post-seismic response, and the relative 
contribution of dynamic response mechanisms to initiating post-seismic behavior. 
The following chapter outlines the structure of this dissertation.  The problem is 
framed in the context of field observations of delayed and sustained post-seismic sliding 
in cohesive deposits.  Several hypotheses governing this type of response are then 
summarized, including those already published and those that were targeted in this 
project.   These hypotheses are then framed in the context of relevance to the project, 
research objectives and research methods.  A summary of findings made in this project 
are briefly discussed to conclude this chapter. 
1.2 Relevant Case Studies 
Applicable technical work used to form specific research objectives came from both 
field case studies and physical modeling.  A series of selected and well documented case 
studies of delayed and sustained slope failures following earthquakes are summarized in 
Table 1.1.   Suggested mechanisms precipitating delayed and sustained failures included 
modified groundwater flow regimes (e.g. Hadley, 1964, Jibson et al. 1994), migration of 
pore pressure to a critical slip surface (e.g. Martino and Mugnozza, 2005, Jibson et al., 
1994), and post-seismic generation of pore pressures due to shearing (e.g. Bozzano et al. 
(2004)).  Similar studies (e.g. Hilley et al. 2004, Tseng et al., 2009) identify periods of 
sustained sliding in the weeks and months following earthquakes through the use of 
remote sensing techniques, however, offer no definitive failure mechanism.
 3
 
Table 1.1: Summary of selected post-seismic slope failures. 
Scale Location Main Shock Magnitude Delay Description 
Calitri, Italy 6.9 3.5 hrs 
Reactivation of slide mass.  Cracks at 3.5 hrs with continued and 
quickened sliding in the 10 weeks thereafter (Martino and Mugnozza, 
2005). 
Dateshita and 
Nishisaruta, 
Japan 
7.0 and 6.1 1.5 min and “a few min” 
Dateshita was initially dry and fluidized later; Nishisaruta was 
saturated with springs in the scarp; scarp also failed hours later 
(Uzuoka, et. al, 2005). 
Berkeley, US 4.1 N/A 
Triggering unclear but inferred through elevated rate of movement 
after event.  Rate sustained through the period December 1998 to 
April 1999 (Hilley, et al., 2004). 
Salcito, Italy 6.9 3 to 4 hours 
Cracks observed in village structures 3 to 4 hours after main shock 
with diminishing displacement rates over the 10 days following the 
event (Bozzano et al., 2004). 
Borah Peak, 
Idaho 7.0 2 days 
Mud flow comprised of 10 m thick deposit of fine grained colluvium 
initiated 2 days after main shock (Keefer et al., 1985). 
Hebgen Lake, 
Montana 7.1 5 days 
Reactivated slide over gently dipping bedrock (~ 10 to 15 degrees) at 
least 5 days, and possibly more, after main shock (Hadley, 1964) 
Sprindale, Utah 5.6 10 hrs 
Reactivation of hillside slide.  Cosiesmic displacements in the 
minutes following shaking proceeded by an additional 10-hours of 
sliding (Jibson and Harp, 1996). 
Racha Region, 
Georgia 7.0 2 to 3 days 
Reactivation of slide to rate of 8 m/day roughly 3 days after event.  
Displacements continued for at least three weeks at a rate of 2 m/day 
(Jibson et al., 1994). 
Field 
Hongtsaiping, 
Taiwan 7.6 2 days 
Sliding shown to persistent at least two days following the main 
shock (Tseng et al., 2004) 
Model Cambridge, UK N/A 2 hrs 
Inertially driven deformations ceased and were followed by 
catastrophic deformations.  Elevated pore pressure observed leading 
up to delayed slide (Kutter, 1983). 
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It is important to note that the hypotheses cited to address the mechanism of failure in 
all studies identified in Table 1.1 are based upon both witness accounts (timing) and 
surface expressions (geometry of slide).  None of these studies contained in-situ 
measurements of pore pressure to address soil mechanics governing the sequence of 
failure and/or the validity of proposed hypotheses.  Similarly, data reported is often of 
total displacements with estimates of rate based upon total displacements over a total 
time.  Finally, each case cites a different timing following an earthquake, and variety of 
rapidity of failure spanning from nearly instantaneous (e.g. Keefer et al., 1985, Uzuoka, 
et al., 2005) to sustained for weeks or more (e.g. Jibson et al., 1994, Hilley, et al., 2004). 
Presented case studies contain significant gaps in knowledge to the exact mechanism 
and sequence there of.  Even though these studies represent well documented field 
studies, they nevertheless have sparse or no data with respect to time available (i.e. before 
and after data only)  Similarly, disparities in case studies (e.g. material, hydraulic and 
dynamic conditions) make comparisons to evaluate such mechanisms piece-meal 
impossible.   
1.3 Proposed hypotheses 
The following section summarizes suggested hypotheses for delayed and sustained 
slope failures following earthquakes. 
1. Modified groundwater regime 
During an earthquake the possibility of fracturing of underlying bedrock or 
movement along joints can occur (Wood, 1985).  This in turn provides new paths for 
drainage or accumulation of groundwater pressures.  Failure initiates due to lowered 
effective stresses, induced by the new groundwater regime, along a critical slip surface. 
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2. Void redistribution 
Void redistribution, or water film effects, is a mechanism under which stratified 
granular deposits exhibit flow liquefaction behavior during and/or after shaking 
(Boulanger and Truman, 1996 and Kokusho, 1999).  This phenomenon is characterized 
by pore pressure generation in dynamically densified sands, which then migrates to lower 
permeability silt layers.  The permeability contrast results in a zone in which pore 
pressures accumulate resulting in a concentration of lowered effective stresses which in 
turn raise the potential to develop into a localized shear zone.  This mechanism has been 
clearly documented in several large centrifuge tests (e.g. Malvick et al., 2004 and 2006, 
Kulasingam et al., 2004), however, is not relevant to normally consolidated clays. 
3. Migration of pore pressure to a critical slip surface 
Pore pressure migration to a pre-existing slip surface or a critical static slip surface 
could induce failure.  For this phenomenon pore pressures generated in the soil profile 
during shaking migrate to a critical surface.  This type of failure mechanism was 
suggested in case studies with pre-existing slides that were historically active (e.g. 
Martino and Mugnozza, 2005), in some cases due to periods of increased rainfall, (Jibson 
et al., 1994). 
4. Viscous shear 
Displacements can occur over extending periods of time as a result of viscous 
shearing.  This phenomenon occurs in zones where driving forces exceed resisting forces 
(i.e. Mohr-Coulomb failure).  However, soil viscosity and consequently viscous forces 
resist against rapid failure.  This type of behavior applies in cases where marginal factors 
of safety (FOS ~ 0.95 to 0.99) persist for extended periods of time (hours to days).  This 
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type of behavior was observed to govern centrifuge model response throughout the 
research program. 
1.4 Project Objectives and Research Methods 
This project focused on observing and measuring the mechanism of post-seismic 
displacements in normally consolidated clay slopes.  Post-seismic displacements have 
been observed in a variety of time ranges following earthquakes, however, in-situ data 
during and after shaking is sparse if it exists at all.  This type of data was deemed most 
critical to understanding the initiation and continuing of post-seismic sliding.  Therefore, 
combined programs of physical centrifuge and companion numerical modeling were used 
to investigate post-seismic response.   
The centrifuge modeling program used a series of three production models to 
generate data of post-seismic displacement behavior under a variety of hydraulic and 
material boundary conditions.  Similarly, models were subjected to a suite of input 
motions to create a variety of “initial” post-seismic conditions.  Chapter 2 describes 
conceptual model design in the context of research objectives while Chapter 3 provides 
physical details related to model construction and instrumentation design. 
Numerical modeling of shake and post-seismic response was used to understand the 
mechanism of pore pressure generation and dissipation, and resultant displacement 
response.  This approach allowed for the complex and coupled response observed in 
centrifuge models to be isolated with respect to each process (e.g. pore pressure 
dissipation vs. shearing).  Similarly, the governing mechanisms and boundary conditions 
governing each response in centrifuge observations were identified.  Numerical modeling 
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methods and results related to dynamic and post-seismic response are discussed in 
Chapters 4 and 5, respectively. 
1.5 Dynamic Response 
Post-seismic response in centrifuge models and comparable clay slopes was 
ultimately governed by conditions initiated during shaking; in particular, residual excess 
pore pressure.  As such, dynamic response of models was analyzed to understand the 
coupled mechanisms of acceleration (i.e. strain), pore pressure generation, and 
displacement response.  Chapter 4 focuses on the dynamic response typical of centrifuge 
models. 
Acceleration response of models was observed to fall into two categories; (i.) non-
destructive and (ii.) destructive response.  These two behaviors were distinguished by the 
existence of permanent displacements following shaking.  For non-destructive shakes, 
which produced no permanent displacements, acclerations were observed to amplify 
proportional to the height of the model.  This trend was consistent throughout the two-
dimensional geometry, with maximum accelerations occurring at the crest.  Destructive 
shakes produced amplifications along the soil profile in the initial 1 to 2 s of shaking.  
Response was then muted in the upper one-third to one-half of the soil profile following 
the onset of permanent displacements.  The base amplitude required to induce permanent 
displacement was approximately 0.06 to 0.08 g. 
Pore pressure generation was a function of the number of cycles exceeding a material 
dependant cyclic strain limit.  This trend generally matched that identified by Matasovic 
and Vucetic (1995).  Maximum cyclic strains observed were on the order of 0.1 % for 
motions with base input of roughly 0.2 g.  This magnitude of cyclic strain, and 
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consequent peak excess pore pressures (~ 5 kPa), were generally observed in the lower 
one-half to one-third of the soil profile.  Shallower depths of the profile which 
experienced muted acceleration response, and cyclic strains, resulted in proportionally 
less residual pore pressures. 
Displacement response was a result of cyclic softening of model material and 
subsequent development of a shear zone.  Failure initiated at locations near slip surfaces 
identified in pseudo-static analyses.  This surface then served to reflect energy downward 
into the soil profile, combining with upward propagating energy.  This sequence 
precipitated a failure zone that thickened throughout the duration of a motion.  The 
resulting shear zone had the effect of base isolating upper portions of the profile (i.e. 
energy absorption and reflection).  Areas of the profile within or above the shear zone 
experience muted accelerations and pore pressure generation. 
1.6 Post-seismic Viscous Failure 
Post-seismic displacement response was observed to be a shallow (< 2 m depth), slow 
moving, viscous phenomenon.  This response was described by a power law relationship 
incorporating the equation of momentum into time-dependant displacement rates 
assuming infinite slope conditions.  For this model, displacement rate (i.e. velocity) is a 
function of transient pore pressure (i.e. effective stress) within a shearing zone.  This 
relationship was initially developed by Corominas et al. (2005) to describe changes in 
displacement rates induced by rainfall.  Centrifuge models exhibited an “indifference” to 
deeper seated slips initiated at a critical slip surface. 
Chapter 5 analyzes the effect of transient effective stress conditions on viscous shear 
behavior in centrifuge models.  Under these failure conditions, the slopes of centrifuge 
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models experienced transient factors of safety (FOS) marginally below 1 (FOS ~ 0.99 to 
0.95).  During this period, displacement occurs due to the exceedance of driving over 
resisting forces (i.e. Mohr-Coulomb failure), however, rapid failure is resisted by viscous 
forces (i.e. soil viscosity).   
The rate of displacement was direct result of pore pressure magnitude and time to 
dissipate respective excess pore pressures.  Proportional increases in pore pressure were 
observed to have both linear and non-linear increases in displacement rates depending on 
material conditions in the model (i.e. uncapped vs. capped).  The ability of models to 
dissipate excess pore pressures resulted in the distinguishing of critical displacements.  
That is to say, model conditions which restrict pore pressure drainage had post-seismic 
displacements that resulted in 60 % of total displacements, where as models that drained 
quickly had only 10 % or less of total displacements in the post-seismic period. 
Model predictions for post-seismic displacements were generally accurate.  Model 
calibration for a single post-seismic period generally provided a power law model 
capable of predicting post-seismic response following a separate event.  This held true in 
cases where model deformations were less than 5 cm, and material conditions were 
identical.  Large deformations generally resulted in slope geometries that represented 
proportionally more stable conditions (e.g. shallower slope) with respect to static 
stability.  Different material conditions represented different hydraulic conditions as well 
as a pre-existing discontinuity along the material interface.  
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CHAPTER 2: RESEARCH OBJECTIVES AND METHODS 
2.1 Introduction 
This project aimed to examine and quantify the mechanisms of long-term 
displacement response of normally consolidated clay slopes following an earthquake.  
This was achieved through a number of experimental (e.g. laboratory and centrifuge) and 
numerical (e.g. finite difference and site response) techniques.  These methods were a 
parallel effort with emphasis on post-seismic displacement (i.e. shearing) response but 
also aimed to quantify dynamic response mechanisms and initial slope conditions most 
likely to initiated such long-term phenomenon. 
This chapter describes in detail the research objectives and methods used.  It begins 
with defining the context of the broader research goals via research questions.  These 
questions are described in the context of specific conditions contributing to long-term 
post-seismic response.  Similarly, phenomena evolving during each shake (e.g. pore 
pressure generation, sliding) generating the “initial” conditions for post-seismic response 
were examined.  These two, separate but related soil and slope behaviors, served as the 
motivational basis for the technical design of both a physical and numerical model 
program.   
The chapter outlines the extent and sequence of research methods used to quantify 
both post-seismic and shake response.  This includes creating a variety of physical 
conditions in centrifuge models by modifying drainage boundary conditions and 
permeability (i.e. material) contrasts within the same basic geometry.  Also the response 
of each model was monitored during each shake, and in the period following (roughly 1 
to 4 days prototype) to understand the contributions of specific model conditions on 
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short- and long-term phenomenon.  Finally, numerical modeling of distinct 
geomechanical processes (e.g. viscous sliding, pore pressure dissipation) was completed 
to quantify these phenomena.  
Project outcomes are summarized within this chapter.  These represent global 
phenomena observed throughout the physical and numerical modeling programs.  Project 
specific details related to model testing and resultant output are described in detail in 
subsequent chapters.  Centrifuge model design, preparation strategy, and overall 
performance are detailed in Chapter 3.  Results of detailed analyses of centrifuge data, 
numerical modeling, and the applicability of the project’s research methods to predict 
slope response in similar geometrical and soil conditions is discussed in Chapters 4 and 5, 
on dynamic and post-seismic response respectively. 
2.2 Research Objectives 
Research objectives for the project fall under seven key research questions.    These 
questions are framed in the context of understanding the mechanisms leading to persistent 
sliding occurring in extended periods (i.e. hours to days and longer) following shaking.  
Similarly, factors contributing to the initial post-seismic conditions generated by specific 
input motions are considered.  Each of these questions is stated and summarized below.  
Table 2.1 shows each of the questions in the context of targeted model design features 
and specific research methods and techniques employed. 
1. What characteristics of an input motion or series of input motions contribute to post-
shaking excess pore pressure regime? 
Numerous element level testing studies (e.g. Matasovic and Vucetic,1995, Pestana 
et al., 2000) suggest that residual pore pressure generated is largely dependant on 
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cyclic strain amplitude, or cyclic stress ratio, and the number of cycles at said 
amplitude.  It is unclear how applicable these constitutive models are in a macro 
environment representing multiple hydraulic boundary conditions and irregular 
loading.  
2. How is spatial distribution of dynamic response affected by motion amplitude, 
frequency and duration? 
Dynamic response varies depending on location within the two-dimensional model 
geometry.  However, it is unclear if these effects are dependant on input motion 
composition.  Similarly, the effects of dynamic response throughout a single motion 
or over a sequence of motions is not readily predictable 
3. What are the effects of long-term pore pressure dissipation on displacement and 
transient states of static stability? 
This refers to the impact of the magnitude of pore pressure and its migration out of 
the model profile with time.  Does pore pressure migration travel through a static 
critical slip surface and in turn cause temporal instabilities that initiate failure?  
Similarly, are critical surfaces identified through a hydrostatic analysis indicative of 
temporal critical slip surfaces? 
4. What is the mechanism of slope failure in the post-seismic period? 
This refers to the sequence and extent of post-seismic failures.  Are failures 
triggered as result of localized zones of lowered effective stress, or is the slide mass 
coherent through the post-seismic period?  Similarly, can a specific constitutive 
model accurately capture long term displacement trends? 
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5. What slope geometry, geologic and hydraulic conditions are most likely to precipitate 
long-term displacements? 
This refers to the combination of all physical properties of a slope and their 
contribution to long-term displacement response.  Are the relative contributions of 
low permeability soils equivalent in both single and double drainage conditions?  
Similarly, what are the relative differences between a uniform geometry compared 
to that containing a pre-existing slip surface? 
6. What slope conditions are likely to experience displacements during the post-seismic 
period that are more critical than those experienced during an earthquake? 
Considering question 5, is there a combination of slope conditions in which the 
displacements induced in the post-seismic period are greater than those during the 
shake?  If these conditions exist, does post-seismic displacement response become a 
larger driver in engineering design? 
7. Are numerical methods used appropriate and accurate at predicting dynamic and 
long term pore pressure and displacement response? 
Do available numerical modeling techniques prove beneficial to matching and 
identifying response mechanisms?  Are these techniques efficient (e.g. ease of use, 
availability of quality inputs) and accurate (e.g. match trends) at predicting 
response under similar material, geometry and loading conditions. 
 1
4
 
Table 2.1 Summary of research questions and abbreviated research methods and outcomes. 
Research Question Physical Modeling Method Numerical Modeling Methods Research Outcome 
What characteristics of an input motion 
or series of input motions contribute to 
post-shaking excess pore pressure 
regime? 
Back analysis of centrifuge model strain 
response to cyclic strain based pore 
pressure generation model. 
Residual pore pressure is a 
function of number of 
strain cycles above a 
cyclic strain limit 
How is spatial distribution of dynamic 
response affected via motion 
amplitude, frequency and duration? 
Centrifuge models experienced 
multiple amplitudes (uniform 
and irregular), frequency 
(uniform and sweeps) and 
duration throughout the 
calibration and production 
testing 
One- and two-dimensional (frequency 
and time domain) dynamic response 
analysis.  Models included non-linear soil 
response analysis and Mohr-Coulomb 
failure criteria 
Dynamic response was 
largely governed by cyclic 
softening and 
development of a shear 
zone 
What are the critical effects of long-
term pore pressure dissipation on 
displacement and quasi-static 
stability? 
Persistent FOS ~ 0.98 at 
depths of 1.3 to 2 m below 
the model surface 
What is the mechanism of slope failure 
post-seismic? 
Power-law viscous model based on 
infinite slope conditions incorporated into 
the momentum equation 
Viscous-type shearing 
What slope geometry, geologic and 
hydraulic conditions are most likely to 
precipitate long-term displacements? 
Slopes with FOS 1 to 1.1, 
pore drainage conditions 
and low permeability soils 
or a marked permeability 
contrast 
What slope conditions are likely to 
experience displacements during the 
post-seismic period that are more 
critical than inertial displacements? 
Centrifuge data was acquired 
for long periods (1 to 4 days 
prototype) following each 
production model shake.  Data 
included pore pressure and 
surface displacement data 
(LVDTs and visual record).  
This data was collected in 
three models each with 
different drainage boundary 
conditions; one of which 
included 1.5 m (prototype) cap 
with permeability one order of 
magnitude less than core 
material 
Two-dimensional models of groundwater 
flow for pore pressure regimes induced 
by shakes.  Slopes that have a low 
permeability contrast in 
the first 2 m below the 
ground surface 
Are numerical methods used 
appropriate and accurate at predicting 
dynamic and long term pore pressure 
and displacement response? 
N/A DEEPsoil / FLAC / Matlab (Viscous Model) 
Trends in observed data 
can be matched 
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2.3 Research Methods 
Research methods included a companion program of physical and numerical 
modeling.  The complex nature and available case study data of long-term post-seismic 
slope response required physical modeling (i.e. direct observation) to bridge this 
information gap.  Models were built and tested in a geotechnical centrifuge environment, 
allowing for multiple observations on representative prototype scale slopes to be made.  
Numerical models of centrifuge conditions and observations were then used to decouple 
and quantify the impact of specific soil and model behavior.  Through this exercise, the 
relative merits of available software to match and predict model response in both the 
short and long term was established. 
This section provides an overview of the technology associated with modeling 
methods throughout the project.  This includes descriptions of motivations behind basic 
centrifuge model design (e.g. material, geometry, etc.) and numerical modeling 
techniques, as well their associated limitations.  Specific details on model construction, 
material properties, and instrumentation are contained in Chapter 3.  The relative merits 
and output from numerical models are contained in Chapter 4 and 5, respective of the 
modeled phenomenon. 
Centrifuge modeling 
Centrifuge modeling was used to observe all aspects of dynamic and post-seismic 
response in clay slopes.  This modeling technique allowed for the creation of relatively 
small (~ 0.18 m height) and highly controlled models, which were tested under stress 
states representative of much larger prototype scale geometries (~ 9 m).  Scaling of the 
model is accomplished by testing under an elevated gravitational field generated by the 
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spinning centrifuge.  In short, a series of centrifuge tests leverages lowered cost, shorter 
timeline, and higher quality control when compared with field scale models of 
commensurate prototype dimensions.   
Centrifuge scaling laws allow for the modeling of proportionally larger dimensions 
over proportionally larger periods of time, relative to the centrifugal acceleration.  In 
general, it is the g-level that allows much smaller models to exhibit the depth-dependant 
stress regime (for Mohr-Coulomb soil strength) and mass (for dynamic properties) 
indicative of much larger geometries.  Most physical dimensions and time scale by a 
factor equivalent to the g-level, or ratio of gravitational acceleration to centrifugal 
acceleration (Table 2.2).  One exception to this is diffusion time owing to the units of 
length squared per unit time.  This non-compliant scaling results in a diffusion rate that is 
the 1 g environment rate multiplied by a factor of the testing g-level (i.e. diffusion at 50 g 
is 50 times faster than that observed at 1 g).  
Table 2.2 Summary of common centrifuge scaling laws. 
Physical Property Basic Equation Scaling Factor  
Length (L) Ls Ls 
Gravity g 1/ Ls 
Force σLs2 Ls2 
Mass ρLs3 Ls3 
Dynamic Time (Ls / g)2 Ls 
Frequency 1 / Ls 1 / Ls 
Velocity Ls / ddynamic 1 
Dynamic Acceleration g 1/ Ls 
Diffusion Time Ls2 Ls2 
Note:  
1. Scaling relationship is normalized to scaled prototype length factor (Ls) is length is the ratio of prototype 
to model scale length. 
2. Stress (σ) and density (ρ) are equal to 1; gravity (g) is in units of m/s2. 
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This particular scaling law, applying to diffusion time, is typically managed by 
modifying the soils coefficient of consolidation (e.g. fineness for sands) or the fluid 
viscosity (e.g. thickening of water with methylcellulose).  However, this is only necessary 
in cases, such as liquefaction, where time dependant diffusion (e.g. pore pressure 
dissipation) and dynamic (e.g. pore pressure generation) phenomenon are occurring in the 
same order magnitude with respect to time.  This project focused on short-term (i.e. 
seconds) generation and the effects of long-term (i.e. days) dissipation. 
RPI centrifuge facility 
A series of three calibration and three production models were tested in the 
geotechnical centrifuge at Rensselaer Polytechnic Institute (RPI) in Troy, NY.  This 
facility is part of the George E. Brown Network for Earthquake Engineering Simulation 
(NEES).  The centrifuge is a modified Acutronic Model 665-1 centrifuge.  Table 2.3 
provides a summary of key physical dimensions and capabilities of the RPI centrifuge.  A 
panoramic photograph of the centrifuge is shown in Figure 2.1.  Capabilities utilized by 
this project are described later in this chapter.  A full description of all RPI centrifuge 
hardware, and respective capabilities, can be found at http://nees.rpi.edu/. 
Table 2.3 Basic dimensions and capacities of RPI centrifuge. 
Physical Property Dimension / Capacity
Nominal Radius 2.7 m 
Maximum Payload 150 g·ton 
Platform Footprint 1 m x 1 m 
Maximum g-level 240 g 
Maximum speed 256 rpm 
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Figure 2.1 Panoramic view of RPI centrifuge. 
 
 
 
Each model was excited with a one-dimensional shake table mounted on the 
centrifuge basket.  The table functions by a servo-hydraulic single-actuator system 
operating perpendicular to the travel of the rotational plane.  The typical shaking applied 
during the centrifuge test programs, in prototype units, were uniform amplitude motions 
from roughly 0.02 to 0.4 g and frequencies from 2 to 6 Hz. A summary of shake table 
dimensions and capacities are summarized in Table 2.4.  Figure 3.2 shows a photograph 
the one-dimensional shaker. 
 
Table 2.4 Basic dimensions and capacities of shaking table. 
Physical Property Dimension / Capacity 
Nominal Shaking Force 50 kN 
Maximum Velocity 1.1 m/s 
Travel Distance +/-6.35 mm 
Table Footprint 96.5 cm x 66 cm 
Maximum Payload 250 kg 
Operating Frequency 0 to 350 Hz 
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Figure 2.2 One-dimensional shaker mounted on centrifuge basket. 
 
 
Centrifuge model design concepts 
The centrifuge test program consisted of three independent shake programs.  For each 
shake program one calibration and one production model was tested.  Calibration models 
were used to properly calibrate the shake table output response to reflect the target input 
motion response.  With the exception of Model 1a, calibration models were constructed 
to exactly the same specifications (i.e. geometry, material and instrumentation) as 
Direction 
of Shaking 
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production models to accurately reflect mass and stiffness of production models.  This 
procedure, with respect to model construction, is further described in Chapter 3.  Table 
2.5 provides a summary of all models, key factors motivating there design and a 
summary of testing observations. 
 2
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Table 2.5 Centrifuge model inventory and design motivations. 
Program Length Model 
Number Type Basic Model Design Shakes Time (min) 
Qualified Successes of Centrifuge Models 
1a Calibration 10 55 1. Calibration of shake table (model not instrumented) 
1b Production 
1. Double drainage 
2. Kaolinite only 10 154 
1. Impact of diverse input motions on spatially 
distributed pore pressure generation regime. 
2. Shake and post-seismic slip events generally 
less than 5 cm. 
3. Post-seismic displacements evident for 
motions exceeding 0.2 g base amplitude. 
2a Calibration 17 205 
1. Calibration of shake table. 
2. Verification that full instrumentation does not 
reinforce model against sliding. 
2b Production 
1. Single drainage with high 
permeability zone at model 
base. 
2. Kaolinite only 10 225 
1. Post-seismic displacements observed 
following shakes greater than ~ 0.07 g base 
amplitude. 
2. Effects of dynamically induced shear zone on 
subsequent dynamic response and pore pressure 
generation. 
3. Verification of model repeatability 
3a Calibration 7 180 
1. Calibration of shake table. 
2. Verification of cap material effects on 
drainage time. 
3b Production 
1. Single drainage 
2. Kaolinite core with 3 cm 
(model) bentonite/kaolinite 
cap 4 140 
1. Effects of material permeability contrasts in 
model material on post-seismic response. 
2. Effects of material interface (pre-existing slip 
surface). 
Note: 
1. Time for program length is in model scale. 
 2
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2. Quantitative outcomes from models are discussed in Chapters 3, 4 and 5.
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Production models differed from calibration models primarily in effective stress 
conditions prior to shaking and shaking amplitude.  Production models were shaken with 
uniform amplitude input motions at, or near, hydrostatic conditions, unless planned 
otherwise.  Calibration models, on the other hand, experienced multiple varied and non-
uniform amplitude input motions during the calibration process.  Similarly, time was not 
typically allowed to dissipate the excess pore pressure created during each calibration 
shake.  For each model, the number of input motions and the duration over which they 
were applied is summarized in Table 2.5. 
Models were instrumented with a variety of sensors to collect data on acceleration, 
pore pressure and displacement.  A summary of instrumentation used, typical resolution 
and resulting targeted data is in Table 2.6.  Instrumentation location plans and design of 
instrumentation arrays are described in Chapter 3.  In short, data on accelerations and 
pore pressures were collected from locations distributed throughout the model cross-
section while displacements at the model surface were monitored.  Subsurface 
displacements following each production model were estimated based on model 
excavation (see Chapter 3). 
Table 2.6 Instrumentation and targeted data from centrifuge data acquisitions. 
Instrument Model General Description Targeted Data 
Accelerometer PCB Piezotronics 353 B17 
Piezoelectric with 
range of +/- 500 g 
Spatially distributed 
acceleration response 
Pore Pressure 
Transducer 
GE Druck PDCR 
81-3478 
Full bridge strain 
gauge with range of 
0 to 345 kPa 
Spatially distributed 
generation and 
dissipation of pore 
pressures 
Linear Variable 
Displacement 
Transducer (LVDT) 
Schaevitz M12 Range of +/- 5 cm from center position 
High resolution 
displacements 
High Speed Camera V5 High Speed CMOS Camera 
Variable frame-rate 
(1 to >1000 Hz)  
Spatially distributed 
surface displacements 
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Instrument Model General Description Targeted Data 
Laser Keyence LB-11 Range of 8 cm Horizontal displacement 
 
Numerical modeling 
Centrifuge modeling produced both a diverse and complex series of output data.  
Furthermore, the underlying failure mechanisms of post-seismic displacement response 
are not widely documented in case studies.  As a consequence, the identification of 
mechanisms governing this phenomenon and the applicability of given theoretical models 
to such mechanisms is poorly understood.  Implementation of specific numerical methods 
served as the means to isolate and identify mechanisms which contributed to model 
response for each type of loading and model configuration (e.g. residual pore pressure, 
shearing, soil permeability etc.). 
A series of numerical models were constructed to decouple mechanisms governing 
dynamic and post-seismic response in centrifuge models.  Dynamic response during 
shaking was modeled with respect to acceleration and surface displacement.  Post-seismic 
response was modeled with respect to pore pressure dissipation and displacement.  Three 
software packages were used to meet different aspects of the described modeling needs.  
A brief description of each code and motivations for its respective use is summarized in 
Table 2.7.
 2
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Table 2.6 Summary of software used for numerical modeling. 
Software Version Basic Description Targeted Use 
DEEPSoil 3.7 Beta A one-dimensional site response program 
1. Equivalent linear soil response (frequency 
domain) 
2. Non-linear soil response (time domain) 
3. Identification of phenomenon related to soil 
response only (non-shearing, non-slope related) 
Fast Langrangian 
Analysis of 
Continua (FLAC) 
5.00.391 
A two-dimensional explicit finite 
difference program for 
engineering mechanics 
computations. 
1. Dynamic response analysis of slope geometry. 
2. Groundwater flow of post-seismic pore water 
pressure dissipation. 
3. Identification of mechanisms induced by Mohr-
Coulomb failure and shear zone. 
4. Identification of relative contribution of both 
mechanical and hydraulic conditions. 
MATLAB 7.5.0.342 
A high-level technical computing 
language and interactive 
environment for algorithm 
development, data visualization, 
data analysis, and numeric 
computation 
1. Visualization and processing of all physical 
and numerical modeling output. 
2. Implementation of viscous model calibration 
and synthetic scenarios. 
 
 
26
Each software package was chosen for its specific capabilities.  The combination of 
analyses output generated allowed for the decoupling of mechanisms related to two key 
phenomenon; (i.) dynamic response and (ii.) post-seismic displacement.  The following 
discussion serves as background to each code’s general use and respective merits as they 
pertain to the project.  Required input parameters, specific analyses and results are 
presented in Chapters 4 and 5 where relevant. 
One-dimensional site response analyses were conducted with Deepsoil, a 1D site 
response program developed at the University of Illinois at Urbana-Champaign (Hashash 
et al., 2009).  General advantages of this program over similar codes such as SHAKE 
include a pressure dependant soil modulus, non-linear analysis and a choice of damping 
formulation.  This code is capable of traditional equivalent-linear (frequency domain) as 
well as non-liner (time domain) site response analyses.  The program also provides the 
option to model pore pressure generation by implementing a cyclic strain model for clays 
developed by Matasovic and Vucetic (1995). 
One-dimensional analyses were used to investigate the role of 1D site effects on the 
observed centrifuge model response.  This included the effects of soil non-linearity (i.e. 
frequency vs. time domain analyses).  The effects of pore pressure generation were also 
examined by comparing centrifuge (with pore pressure generation) to 1D analyses 
(without pore pressure generation).  The construction and results of one-dimensional 
analyses are described and interpreted in Chapter 4.  Disparities from simulated to 
observed response served as a basis for identifying contributions from slope geometry 
and slip induced by earthquake shaking. 
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Two-dimensional analyses were executed in Fast Langrangian Analysis of Continua 
(FLAC), developed by Itasca Consultants.  This code is a two-dimensional explicit finite 
difference program for engineering mechanics computation (Itasca, 2005).  Materials are 
represented by a grid of elements whose behavior is dictated by a user defined liner or 
non-linear constitutive laws.  General advantages to using FLAC include a hysteretic 
model for soils, efficient computing time due to Langrangian calculation scheme, and the 
ability to extend FLAC’s usefulness via the built-in programming language FISH. 
Two-dimensional analyses were conducted in two specific manners; (i.) short-term 
dynamic (mechanical) response and (ii.) long-term pore pressure (hydraulic) response.  
The first set of analyses aimed at simulating response during shaking, and in particular, 
the benefits in accuracy leveraged over 1D site response analyses.  These analyses were 
also used to identify phenomenon within the profile related to the development of a shear 
zone.  Construction of these numerical models and simulation output response are 
described in Chapter 4. 
Long-term analyses focused on verifying pore pressure dissipation patterns observed 
in centrifuge models.  More specifically, these analyses were used to verify the 
dissipation of pore pressure pulses that were observed in centrifuge data to have both 
vertical and horizontal drainage trajectories.  This modeling technique also gave 
emphasis to the ability and effects of pore pressure concentrations beneath a permeability 
contrast, which developed as more localized pore pressure concentrations dissipated at 
depth and accumulated at a material boundary.  Construction of these specific numerical 
models and simulation output response are described in Chapter 5. 
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In order to model post-seismic displacement response, the program MATLAB was 
used to implement a power law viscous model.  This approach correlated subsurface pore 
pressures to observed surface displacements.  This model which assumed infinite slope 
conditions and incorporates viscous sliding into the equation of momentum was first 
presented by Corominas et al. (2005) to model long-term displacements in rainfall 
induced slides.  MATLAB was used to calibrate the power law relationship using a least 
squares approach of centrifuge observations to model output.  This code was also used to 
evaluate the sensitivity and verify the extent of predictive capability of the power law 
relationship on post-seismic displacement response. 
2.3 Research Summary 
This chapter described the research objectives and methods used while evaluating the 
nature of post-seismic sliding in clay slopes following an earthquake.  Objectives were 
defined in the context of seven research questions (Table 2.1).  Each of these was 
evaluated by conducting three physical centrifuge modeling test programs.  Phenomenon 
observed in the centrifuge were then simulated in a series of numerical models to identify 
mechanisms driving, and geology most likely to precipitate, post-seismic displacements 
resulting from dynamically generated pore pressure. 
The centrifuge test program was comprised of three specific shaking programs (Table 
2.5).  A total of six models, three calibration and three production, were prepared and 
tested at the geotechnical centrifuge at RPI.  Each production model generated data 
during each shake as well as one to four days (prototype scale) after the shaking.  Models 
were designed to capture model behavior under a variety of boundary conditions; both 
material and hydraulic.  Motions within each shaking program were designed and 
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sequenced to evaluate model behavior over a variety of input motions as well as a means 
of comparison across different models.  Instrumentation arrays were designed to capture 
acceleration and pore pressure response spatially distributed through the model cross 
section, and displacement response at the surface of the models. 
A series of numerical models using three different codes (Table 2.6) were executed to 
simulate centrifuge response and identify mechanisms governing pore pressure 
generation, dissipation and post-seismic displacement response.  The most basic goal of 
this exercise was to evaluate the relative applicability and accuracy of basic numerical 
strategies at simulating phenomenon observed in the centrifuge.  The strategy of these 
analyses was to isolate both one- and two-dimensional effects (Deepsoil vs. FLAC) on 
dynamic response, and pore pressure dissipation (FLAC) and its effect on resultant 
displacement response (MATLAB). 
2.4 Project Conclusions 
The following provides a brief summary of project conclusions relative to research 
objectives. The companion effort of centrifuge and numerical modeling allowed for the 
identification of mechanisms precipitating post-seismic displacement and typical 
characteristic slope conditions under which this phenomenon is likely.  This study also 
identified mechanisms responsible for dynamic pore pressure generation.  Detailed 
discussion and analysis relating to each of these mechanisms are in Chapters 4 (dynamic 
response) and 5 (post-seismic viscous sliding). 
Post-seismic displacements are a function of lowered effective stresses roughly 1.5 to 
2 m below the slope surface.  Deeper profile locations were observed to be indifferent to 
dynamically generated pore pressure (i.e. pore pressure ratios less than 0.1) even for very 
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strong shaking (base acceleration > 0.4 g).  At shallow depths (< 2 m), migrating residual 
pore pressures have the net result of producing factors of safety (FOS) that are marginally 
below 1 (FOS ~ 0.95 to 0.99).  In this state where static driving forces exceed resisting 
forces, viscous shear occurs.  This in turn results in persistent, slow moving, post-seismic 
displacements.  In some situations (e.g. bentonite/kaolinite capped models) the 
accumulation of post-seismic displacements are greater than those driven by inertial 
shaking.  The extent in time of this behavior is completely dependant on the time to 
dissipate pore pressures, and return to a state where the FOS is greater than 1.  
Pore pressures that drove post-seismic displacements were a result of cyclic strains 
exceeding a cyclic strain limit during shaking.  Magnitude of pore pressure generation 
was directly proportional to cyclic strain amplitude and the number of accumulated 
cycles.  Spatial distribution of the greatest residual pore pressures was typically observed 
in the lower one half to one third of the model profile.  This was due to the development 
of a shear zone during input motions.  This zone generated permanent displacements 
which effectively prevented cyclic strains from reaching shallower depths.  Regions of 
the model that were within or above this shear zone experienced a muted acceleration 
response and consequently less residual pore pressure at the end of shaking.
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CHAPTER 3: MODEL DESIGN 
3.1 Introduction 
Centrifuge models were designed to generate data targeted to investigate the specific 
research objectives set forth in Chapter 2.  The series of models included design elements 
that created multiple material and drainage boundary conditions.  Effective 
implementation and management of these design variables required materials testing (i.e. 
laboratory), modification of the model container and specific preparation procedures. 
This chapter focuses on the design, preparation and evaluation of constructed model 
properties and generalized behaviors observed.  Design elements (e.g. drainage, material, 
etc.) of each model are described with respect to particular project motivations.  
Preparation procedures are described in detail and in the context of achieving appropriate 
instrumentation density in a normally consolidation two-dimensional geometry.  Methods 
for evaluating the constructed model properties, such as material void ratio and shear 
wave velocity, are explained. 
The chapter begins with basic material and model properties.  The results of a 
comprehensive laboratory evaluation of physical, shear, hydraulic and consolidation 
properties of model materials are described.   These performance characteristics of these 
materials serve as the basis for model geometry, in particular to create a slope that is only 
marginally stable under static conditions (i.e. FOS < 1.2).  
Staged construction procedures used for each of the models are then described.  This 
included three consolidation stages for Model 1 and two consolidation stages for Models 
2 and 3 (a and b).  These sequences were determined by the larger project goals of 
achieving normal consolidation and accurately installed instrumentation arrays with in 
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the model profile.  Efficiency of consolidation stages with respect to time was aided by 
the use of sand surcharges.  Each model utilized a post-consolidation excavation to form 
the rear slope.  This technique induced slight overconsolidation in the rear portion of the 
model, ensuring a preference for right to left failures. 
Evaluation of material properties was executed during centrifuge testing (“in-flight”) 
and during model excavation following testing.  Dynamic properties (i.e. stiffness) of the 
model materials were captured in-flight.  This allowed for material to be evaluated 
directly, including strain rate effects induced by the centrifuge environment.  Properties 
identified during model excavations include; total model displacement and unit weight 
throughout the profile.  Properties developed during this process were used in dynamic 
and post-seismic response analyses detailed in Chapters 4 and 5. 
This chapter concludes with a discussion of the impact of construction procedures 
and testing on model parameters for each testing program.  Evaluation of slope stability 
with respect to static, psuedostatic and dynamic loading is discussed.  Particular focus is 
given to deviations from planned model geometry and expected material behavior.  This 
includes static and psuedostatic stability, as well as a spin-up slope failure induced prior 
to testing of Model 3b. 
3.2 Model Design 
The following section describes basic model design and configuration with emphasis 
on the research motivations driving both.  This includes model geometry, materials used 
and boundary conditions induced.  Details of a comprehensive materials testing program 
to establish the physical, shear strength and hydraulic properties of each of the model 
materials is described. 
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Model Materials 
Materials used for both calibration and production models include kaolinite and a 
hybrid kaolinite-bentonite blend, the latter of which was used only in Models 3a and 3b.  
Both materials are manufactured materials with highly controlled physical and 
geotechnical performance attributes.  The following provides a brief description of the 
origin of the materials used. 
Stock kaolinite from RPI was used as the sole model material in Models 1b through 
2b and as core material in Models 3a and 3b.  The kaolinite is sold under the trade name 
ASP600 by Engelhard, a subsidiary of BASF.  This clay is of fine particle size (< 0.075 
m) and of standard water washed grade (i.e. no heat or chemical processing).  This 
material had been used by RPI in numerous prior studies and was therefore a predictable 
and understood material in the centrifuge.  Similarly, this form of kaolinite exhibited a 
higher degree of plasticity than similar water-washed kaolinite, the key benefit of which 
was lessened sensitivity to vibrations typically experienced in an operating centrifuge. 
Bentonite used to create the kaolinite-bentonite blend is sold under the trade name 
Hydrogel by Wyo-ben, a subsidiary of American Colloid Company.  This material is a 
sodium-montmorillonite with high plasticity (LL > 200) and fine particle size.  This 
bentonite was blended on a dry weight basis of 80 % kaolinite and 20 % bentonite (80/20 
– kaolinite/bentonite) with the sole intent of reducing the permeability relative to 
kaolinite alone.  This blended material was used exclusively in Models 3a and 3b. 
Material Properties 
A comprehensive laboratory study was conducted to establish the physical, shear 
strength, hydraulic and consolidation properties.  This testing was conducted in the 
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Geotechnical Research Laboratory at Drexel University.  The following describes test 
procedures and a brief interpretation of the relative differences between Kaolinite and the 
80/20 – Kaolinite/Bentonite blended material. All testing was completed in general 
accordance with ASTM test procedures.  Respective standards are identified where 
appropriate in tables quantifying model materials. 
A summary of physical properties of model materials is shown in Table 3.1.  Both 
materials are fine-grained with 100 % passing the #200 sieve (0.075 mm) and classify as 
CH and A-7 by the Unified Soil Classification System (USCS) and American Association 
of State Highway and Transportation Officials (AASHTO) classification system, 
respectively.  The only physical change leveraged by addition of bentonite was to 
plasticity which increased liquid limit (LL) by roughly 50 % (Table 3.1)   
 
Table 3.1: Classification and physical properties of model materials. 
Specific 
Gravity
Particle 
Size 
Plasticity 
Indices USCS AASHTO 
D854 D422 D4318 D2487 D3284 Model Material 
( - ) %    Fines LL PL PI   
Kaolinite 2.64 100 63 30 33 CH A – 7 
80/20 – Kaolinite/Bentonite 2.62 100 105 35 80 CH A – 7 
ASTM designations shown where relevant. 
Nomenclature is as follows; Liquid Limit (LL), Plastic Limit (PL) and Plasticity Index (PI). 
 
 
Shear strength testing included consolidated undrained shear with pore pressure 
measurements (CIU) and vane shear.  Triaxial shear testing was conducted at effective 
confining stresses of 240, 310 and 380 kPa for kaolinite, and 35, 70 and 105 kPa for the 
80/20 – kaolinite/bentonite blend.  Confining stresses were chosen to guarantee normal 
consolidation (for kaolinite) and reflect low effective stresses experienced in the models 
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(for 80/20 – kaolinite/bentonite).  Kaolinite specimens were prepared at a moisture 
content of 45 %; 25 % percent dryer than unconsolidated model material (i.e. moisture 
content of 70 %).  This was done in order to manufacture triaxial specimens capable of 
supporting self-weight and the triaxial platen.  The 80/20 – kaolinite/bentonite blend was 
prepared and tested at 65 % moisture content, the moisture content of this material when 
installed in respective models. 
Results of shear strength testing are summarized in Table 3.2.  The addition of 
bentonite lowered the effective friction angle of pure kaolinite from 31 to 21 degrees.  
This difference is indicative of material differences alone (i.e. bentonite effective friction 
~ 9 degrees) and also soil fabric (i.e. cohesion) realized at low confining stresses.  Vane 
shear testing was conducted with materials at approximately 65 % moisture, relative to 
the average moisture content in the constructed model.  The addition of bentonite lowered 
sensitivity by roughly 10 %, from 2.31 to 2.1  Sensitivity in kaolinite was observed to be 
as high as 3.2 and a moisture content of roughly 60 % (i.e. analogous to material at 
prototype depths greater than 4.5 m), however, the rotational strain required to mobilized 
peak and residual strength was 130 and 600 degrees, respectively.   
 
Table 3.2: Shear strength properties of model materials. 
CIU Triaxial  Vane Shear   
D4767 D4648 
Peak Resid.Model Material c’      
(kPa)   
φ 
(°) su      
(kPa)   
su      
(kPa)   
Sensitivity 
Kaolinite 1.4     31     1.91    0.83    2.31 
80/20 – Kaolinite/Bentonite 16.5    21 5.47    2.61    2.1 
ASTM designations shown where relevant. 
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Hydraulic conductivity specimens for both materials were prepared at 65 % moisture.  
Very soft kaolinite was able to be tested at this water content by fashioning a rigid 
cylinder around the specimen membrane.  This setup allowed for confining stress (i.e. 
water pressure) to reach the specimen membrane, while the rigid cylinder supported the 
specimen prior to the consolidation test phase.  Consolidation specimens were prepared at 
roughly 65 % moisture content. 
Hydraulic and consolidation properties for model materials are summarized in Table 
3.3.  Permeability was reduced one order of magnitude by the addition of 20 % bentonite.  
The compression index was also increased by 25 % from 0.59 to 0.74.  The coefficient of 
consolidation (cv) was largely unchanged from kaolinite to the kaolinite/bentonite blend.  
Considering the cv for kaolinite was within the same order of magnitude for a range of 
effective stresses, and the 80/20 – kaolinite/bentonite material did not experience 
effective stresses greater than 15 kPa, all constructed models had relatively uniform 
consolidation properties. 
 
Table 3.3: Hydraulic and consolidation properties of model materials. 
Hydraulic 
Conductivity 1-D Consolidation 
D5084 D2435 Model Material 
k            
(cm/s) 
cv @ 50 
kPa 
(cm2/s) 
cv @ 100 
kPa 
(cm2/s) 
Cc 
( - ) 
Cr 
( - ) 
Kaolinite 1.68 x 10-7 1.23 x 10-4 8.65 x 10-5 0.59 0.06 
80/20 – Kaolinite/Bentonite 1.80 x 10-8 1.60 x 10-4 1.76 x 10-5 0.74 0.11 
ASTM designations shown where relevant. 
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Model Geometry 
All centrifuge models were constructed in RPI’s ‘small rigid container’ (Figure 3.1).  
This container is made of 1 cm thick aluminum walls on a 1.5 cm aluminum base.  Inner 
dimensions of the box are 53 cm long, 25 cm wide, and 20 cm high. The box contained 
two valves at each end (Figure 3.1) to allow for double drainage during consolidation and 
single drainage during testing.  Each value had an attached riser that allowed for 
hydrostatic pressures at depth.  The direction of applied shaking during tests was parallel 
to the longitudinal axis of the container. 
 
 
Figure 3.1: Side view of RPI ‘small-rigid’model container. 
 
All centrifuge models were constructed to have the same surface dimensions and 
occupy the same physical space at model scale.  Figure 3.2 shows surface topography and 
physical dimensions for all calibration and production models.  Slope angles were 30 
degrees and 26.6 degrees.  The former was designed to create a marginally stable slope 
prone to failure (i.e. hydrostatic factor of safety ~ 1.05 to 1.1).  The latter rear slope was 
 
38
inclined at a 2:1 ratio to minimize dynamic interaction with the rigid aluminum wall as 
well as remain more stable than the forward slope.  In this configuration the preferred 
path of failure ensured is right to left. 
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Figure 3.2: Physical dimensions of all centrifuge models. 
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Each model had a height of roughly 18 cm at the end of model preparation (i.e. 
centrifuge consolidation).  The prototype dimensions of these slopes was approximately 9 
to 9.54 m height at 50 and 53 g, respectively.  A summary of model to prototype 
dimensions is in Table 3.4.  Centrifuge scaling laws describing this relation are 
summarized in Chapter 2.  Prototype scale model extents, in plan view, are 28.1 m long 
and 13.25 m wide. All models were submerged during consolidation and testing. 
 
Table 3.4 Comparison of model and prototype scale (at 53 g) dimensions. 
Dimension at Scale Location on Model Model (cm) Prototype (m) 
Total Depth (base to crest) 18 9.54 
Slope Height (toe to crest) 13 6.89 
Front Slope Length 26 13.8 
Rear Slope Length 14 7.42 
Crest Length 8 4.24 
 
 
 
Boundary Conditions 
Several elements and modifications to the model container allowed for expedited 
consolidation (i.e. preparation) as well as multiple testing boundary conditions.  This 
included the addition of a high friction interface and high permeability layer along the 
base of the model.  Specific differences in material conditions were kaolinite only models 
(Models 1b through 2b) and low permeability 80/20 – kaolinite/bentonite along the upper 
3 cm of the model surface (Models 3a and 3b). 
Hydraulic boundary conditions along the base of the container were created to aid in 
consolidation.  Four layers of non-woven geotextile were used to provide a high 
permeability media to transmit pore water from the model material to the drainage valves 
on the side of the model container (Figure 3.1 and 3.2).  Total thickness of this layer was 
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approximately 0.5 cm under no normal pressure.  Four layers were used based upon 
experience of soft kaolinite effectively “clogging” up to a thickness of two layers of this 
geotextile. Excavation following testing verified this approximation.  Configuration of 
this layer is shown in Figure 3.2. 
 
  
Figure 3.2: Configuration of high permeability base layer 
 
 
The concern for proper mechanical interaction at the base of the model motivated the 
installation of coarse grit sandpaper along the base of the model container.  This smooth 
soil-structure interface was exacerbated by the textile in contact with the aluminum.  
Figure 3.3 shows a photograph of the installed high friction boundary.  Sandpaper was 
bonded to the aluminum using a non-expansive and waterproof epoxy.  Excavation 
Container (Inner Wall)
Layered Geotextile 
Outlet Valve 
 
42
following testing verified the integrity of the sandpaper and its bond to the container.  
Slip between the soil and geotextile was not suspected since infiltration of clay into the 
textile would provide interaction equivalent to at least the soil strength.  Similarly, slip 
between layers of textile was not likely under high normal stresses (46 kPa) experienced 
in the centrifuge at the time of shaking. 
 
 
Figure 3.3 Plan view of installed sandpaper on model container base. 
 
 
Hydraulic boundary conditions existing at the time of shaking were a function of base 
boundary conditions and constructed material contrasts.  These variable boundary 
conditions are shown in Figure 3.4.  For Model 1b, the conditions at testing were double 
drainage.  For Models 2a and 2b, single drainage was achieved by closing the container 
drainage valves prior to spin-up.  However, the installed geotextile provided a preferred 
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path of lateral drainage during testing.  The effects of this condition on pore pressure 
dissipation are discussed in Chapter 5.   
The effects of preferred drainage were mitigated in Models 3a and 3b by installing 
geotextile only in the rear portion of these Models (Figure 3.4).  Models 3a and 3b were 
also constructed with a 3 cm cap of 80/20 – kaolinite/bentonite.  The configuration in 
these models provided single drainage, no preferred lateral drainage along a high 
permeability zone, and restricted pore pressure dissipation (i.e. capped models) through 
the surface of the model. 
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Figure 3.4: Hydraulic boundary conditions used in respective calibration and production models. 
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3.3 Instrumentation 
Instrumentation arrays were designed to capture high quality data throughout the 
model profile and across the surface.  Data acquired from instrumentation included 
accelerations and pore pressures in the model subsurface, and spatially distributed 
displacements across the model surface.  Types of instruments used included 
accelerometers, pore pressure transducers (PPT), linear variable displacement transducer 
(LVDT), and surface targets to be tracked via a visual record.  An inventory of the 
quantity of instrumentation used in each model is shown in Table 3.4. 
 
Table 3.4: Total instrumentation installed in each centrifuge model. 
Model ACC PPT LVDT Laser Camera (fps) 
1b 18 20 1 1 30 
2a 2 
2b 
3a 
3b 
17 18 3 0 1000 
Note: Camera (fps) indicates the highest frame rate per second used during testing. 
 
 
The arrangement of instrumentation in each model was based on initial hypotheses 
(i.e. Model 1b) and revised strategies based on lessons learned (i.e. Models 2a through 
3b).  These instrumentation strategies are described in the context of the optimization of 
instrumentation versus quality of data that evolved chronologically throughout the 
project. 
All subsurface instrumentation in Model 1b reflected the fact that dynamic and pore 
pressure response would be spatially distributed.  Instrumentation plans are shown in 
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cross-section and plan view in Figures 3.5 and 3.6, respectively.  Distribution of 
instrumentation was driven by hypotheses that data critical to post-seismic slope stability 
would be realized beneath the lower half of the slope.  Instrumentation location, in 
coordinate location, for all models is contained in Appendix A.
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Figure 3.5: Cross-section of instrumentation installed for production Model 1.
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Figure 3.6: Plan view of installed instrumentation in Model 1b. 
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The accelerometer array was slightly less dense and more uniformly distributed 
across the model cross-section than the pore pressure transducer array.  This design was 
used based on the hypothesis that phenomenon associated with dynamic acceleration 
response would not be highly localized.  The array was placed slightly off center at 15.5 
cm from the model wall (Figure 3.5) to be adjacent to pore pressure instrumentation and 
unaffected by interaction with the lateral boundary.  One instrument ACC15 was oriented 
to measure vertical acclerations at the model crest (Figure 3.5), and another, ACC16 was 
placed 2.5 cm from the container side wall to serve as an estimate of the effects of soil-
structure interaction with the container.  Two accelerometers, ACC17 and ACC18 were 
used to capture container response relative to adjacent model material (ACC17), and a 
record of the base input motion (i.e. verification of shake table drive signal).   
 The pore pressure transducer array was biased to have the greatest instrumentation 
density in the zone beneath the lower half of the slope surface (Figure 3.5).  This design 
was used based on the hypothesis that this area exhibited the highest static shear stresses 
and therefore was one of the most likely zones to be compromised (i.e. fail in shear) from 
fluctuations in excess pore pressure.  The pore pressure array was placed at the center of 
the model to capture pore pressure generation unrestricted by interaction with the side 
wall. 
Displacement instrumentation was captured via the data acquisition system and 
recorded video.  High resolution data of vertical (LVDT) and horizontal (Laser) 
displacements were recorded at the crest of the model (Figures 3.5 and 3.6).  Surface 
targets were placed across the surface in the area outlined in Figure 3.6.  These targets 
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formed a grid to show spatially distributed displacements occurring across the model 
surface.  A photograph of surface instrumentation in plan view is shown in Figure 3.7. 
 
 
Figure 3.7: Photograph of Model 1b surface instrumentation in plan view. 
 
 
All instrumentation was modified for Models 2 and 3 to reflect lessons learned in 
Model 1b.  This included a more uniformly distributed pore pressure transducer array, an 
accelerometer array with a denser distribution below the model crest, and additional 
LVDTs along the model surface.  These changes reflected the need for more uniformly 
distributed pore pressure data, detailed dynamic acceleration response along the vertical 
soil profile, and high resolution displacement data on the slope surface.  Instrumentation 
plans in cross-section and plan view for Models 2a through 3b are shown in Figures 3.8 
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and 3.9, respectively.  Subsurface instrumentation for these models was identical while 
the location of surface LVDTs changed from Model 2a and 2b to 3a and 3b. 
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Figure 3.8: Cross-section of instrumentation installed for calibration and production Models 2 and 3. 
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Figure 3.9: Plan view of installed instrumentation in Models 2 and 3. 
 
54
 Changes in instrumentation location for the final two test model programs was 
motivated by the potential for slope reinforcement via dense instrumentation arrays, and 
the lack of high resolution displacement data from the model surface.  The first of these 
drove the lessening of PPT density beneath the lower half of the slope (Figure 3.8 vs. 
Figure 3.5) and the shifting of the PPT array away from the centerline of the model 
(Figure 3.9 vs. 3.6).  The second of these concerns was driven by difficulties in resolution 
produced by refraction through the water and generally low displacements observed in 
Model 1b (< 0.5 cm).  This produced generally low signal to noise ratio, making long 
term displacements in the visual record imperceptible. 
High resolution displacement along the slope surface in Models 2 and 3 was captured 
with two LVDTs.  These were placed in manner that extension of the LVDT cores was 
parallel to the slope surface.  Extension rods were mounted in the upper and lower half of 
the slope surface (Figure 3.9).  Configuration of the LVDT instrumentation is shown in 
cross-section and plan view in Figures 3.10 and 3.11, respectively. 
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Figure 3.10: Plan view of LVDT configuration in Model 2b. 
 
 
 
Figure 3.11: Side view of LVDT configuration in Model 2b. 
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3.3 Model Construction 
All models were normally consolidated to the effective stress state experienced in the 
centrifuge at the time of testing.  In order to achieve a test model with a total height 
equivalent to the planned model height of 18 cm, a consolidation phase in the centrifuge 
was required. This process had two key drawbacks; (i) the time required to consolidate a 
model and (ii.) settlement of instrumentation concurrent with deformations resulting from 
consolidation.  Typical methods for managing the issue of time are to consolidate model 
material in a load frame.  However, this process is not only requires proportionally more 
time but would also create zones of over-consolidation near the model surface due to 
uniform (i.e. not depth-dependant) application of stress.  This method of consolidation 
also makes dense instrumentation arrays within the soil profile generally impossible 
without extensive disturbance to the soil fabric.  The need to construct models in an 
efficient amount of time and accurately place instrumentation was achieved through 
staged construction.  
Construction steps and strategies for all models are described in the following 
section.  This discussion includes the approximate time frame, physical model 
dimensions associated with each consolidation step, installation of instrumentation arrays 
and strategies associated with ensuring quality control and assurance throughout the 
preparation stage. 
Consolidation Time 
The time required to consolidate a model in the appropriate stress regime would have 
taken roughly 5 hours (double-drainage) to as many 24 hours (single-drainage), assuming 
instantaneous load application (Figure 3.12).  Although this time is not completely 
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unreasonable, the shear strength of model material was generally too weak to support a 
two dimensional geometry (i.e. unable to support self weight) under rapid loading.  
Therefore, g-level was limited to generally slow centrifuge slew rates (0.25 to 0.5 g/min), 
effectively lengthening the time required to achieve test g-level (e.g. 50 g).  Likewise, g-
level was held, generally at 5 to 10 g increments, to allow moderate dissipation of pore 
pressures. 
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Figure 3.12: Soil thickness versus time to end of primary consolidation for kaolinite. 
 
 
 
Slow slew rates, and maintaining incremental g-level, allowed for model material to 
gain strength via consolidation, however limited the overall time at the test g-level.  This 
was primarily due to limiting the daily use of the centrifuge to roughly 8 to 10 hours.  
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Limited machine time was the final motivating factor for each model to be constructed in 
a piecewise fashion.  This dramatically reduced the amount of consolidation time 
necessary while allowing for the accurate installation of instrumentation on already 
consolidated material.  Consolidation occurred in two stages for all models except Model 
1b, which used three stages.  Table 3.5 shows the consolidation time for piece-wise block 
construction.  These times include time spent during spin-up and the time at test g-level.  
Consolidation through these periods was verified by monitoring vertical displacements 
and pore pressure within the consolidating model. 
 
Table 3.5: Typical consolidation time for staged model construction. 
Consolidation Spin Time (hr) Model Block 1 Block 2 Block 3 
1b 4 4 4 
2a 5.75 6.25 
2b 4 8.75 
3a 8 7.5 
3b 12.5 9 
-- 
 
 
Piecewise Block Construction 
Models were built in a piecewise manner to efficiently consolidate material and place 
internal instrumentation.  This staged construction effectively shortened centrifuge spin 
time to roughly 12 to 15 hours cumulative hours over two work days.  Furthermore, the 
placing of instrumentation within the profile following a consolidation period insured that 
only minor movement of instruments, due to consolidation settlement, was allowed.  The 
following section describes the construction strategy for all models. 
Model 1b was consolidated in three stages or blocks (Figure 3.13).  The height of 
each block varied according to the placement of instrumentation (Figure 3.5).   A sand 
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surcharge was used to consolidate under roughly the stress conditions of the completed 
model, for the first two blocks (Figure 3.13).  Total consolidation time was roughly 12 hr 
in double drainage conditions. 
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Figure 3.13: Staged construction for Model 1b. 
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Consolidation of the first two blocks was hastened by the placement of a sand 
surcharge.  The height and shape of the surcharge was adjusted to reflect the future 
weight of the completed model.  Assuming effective unit weights of 5.9 and 8.3 kN/m3 
for clay and sand respectively, roughly 0.75 cm of sand produced the equivalent stress of 
1 cm of clay.  Surcharge height was calculated using this ratio and then reduced by 25 %.  
This reduction allowed for primary consolidation to finish after the placement of the next 
sequential model block.  This strategy provided the dual benefit of shortening 
consolidation (i.e. model preparation) time while not creating a distinct material contrast 
by fully consolidating each block. 
Model material was prepared at roughly 70 % moisture content to insure full 
saturation at the time of placement.  Being four percent above the material liquid limit, 
the soil shear strength and the ability of models to support self weight was of particularly 
concern.  This is especially true during the initial spin-up (~ 1 to 25 g) when an 
underconsolidated condition in the model material was induced.   These concerns 
decrease substantially as shear strength increases with continued consolidation. 
This behavior was managed by stopping at incremental g-levels (typically every 5 g), 
to allow newly developed pore pressures time to dissipate.  Nevertheless, the potential for 
slip during spin-up was never fully diminished, and the impact of even small slides would 
require the entire model to be rebuilt.  To minimize the extent of damage due to shear 
failures during spin-up, a reaction block was installed to prevent large displacements 
resulting from material shear (Figure 3.14).   During consolidation stages this Styrofoam 
block was held in place by an aluminum plate on the top of the container.  This 
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configuration allowed the block to float above the model surface and exert no additional 
consolidating pressure. 
 
 
Figure 3.14: Reaction block in perspective view, and in the model container. 
 
Models 2 and 3 were constructed in two stages.  This change in strategy from Model 
1b reflected the negligible benefit in preparation time afford by constructing in three 
blocks.  Simply put, both strategies required two full work days at the centrifuge and the 
quality of installation of instrumentation was not compromised in a two block strategy.  
Block configuration for Models 2 and 3 are shown in Figure 3.15.  
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Figure 3.15: Staged construction steps for Models 2a and 2b and Models 3a and 3b 
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Model 3 block configuration was slightly different than that for Model 2.  
Consolidation stages for Model 3 were done without the 80/20 – kaolinite/bentonite cap.  
This area of the cross-section, which occupied the area left of the toe and the top three 
centimeters across the model was instead filled with a modified reaction block (Figure 
3.15).  Cap material was placed after staged consolidation steps were completed. 
Final Preparation (Finishing) 
Following consolidation stages, each model required an excavation of material from 
the rear slope, and in the case of Model 3, application of a 80/20 – kaolinite/bentonite cap 
(Figure 3.16).  The excavation was made at a 2:1 incline (26.6 degrees) to induce a 
slightly overconsolidated rear slope.  Both of these factors (i.e. shallower slope angle and 
overconsolidated material) contributed to insuring that preferential failure was right to 
left in all models.  Cap material was observed to swell in laboratory tests under effective 
stresses commensurate to those experienced in the centrifuge and therefore required no 
consolidation.
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Figure 3.16: Final construction stages for respective models. 
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Interface friction between cap material and the kaolinite core was assumed to be at 
least the strength of the cap material (Table 3.2).  To guarantee that smooth contact 
surfaces did not create abnormally low friction, the surface of the kaolinite was scarified 
prior to applying cap material (Figure 3.17).  Grooves created by scarification provided 
an interface roughness for a bond between cap and core model materials. 
 
 
Figure 3.17: Scarification and capping of Model 3b. 
 
3.4 Constructed Model Properties and Performance 
The following section details the constructed model properties, instrumentation 
performance during testing, and the results of excavation of production models.  Model 
properties are described in prototype units from this point forward.  Physical properties of 
models are based upon moisture content samples taken from excavations.  Shear wave 
velocity measurements were achieved by using data acquired during input motions in-
flight. 
Physical properties 
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Physical properties of production models were based on direct measure moisture 
contents sampled during post-test excavations.  This data allowed for estimates on the 
spatial distribution of soil density as a function of depth below the model surface.  This 
information served as a validation of predicted consolidation and material properties.  
Table 3.6 shows a range of soil unit weights and void ratios for excavated materials in all 
production models.  Calibration models were not excavated due to the primary 
motivations of such models (i.e. to calibrate the shaker). 
 
Table 3.6 Physical property distribution in production models. 
Model Parameter Average Standard Deviation Minimum Maximum
Moisture 
Content (%) 61.6 4.4 46.7 67.8 
Dry Unit Weight 
(kN/m3) 9.8 0.5 9.2 11.5 
1b 
Void Ratio 1.59 0.11 1.20 1.75 
Moisture 
Content (%) 56.4 5.2 40.6 66.4 
Unit Weight 
(kN/m3) 10.3 0.6 9.7 10.9 
2b 
Void Ratio 1.46 0.13 1.05 1.71 
Moisture 
Content (%) 63.0 13.7 15.8 96.1 
Unit Weight 
(kN/m3) 9.8 1.5 7.3 15.2 
3b 
Void Ratio 1.62 0.35 0.66 2.48 
 Note: All calculations assume material sampled was fully saturated. 
 
Generally speaking, the physical properties of production models were very similar.  
The largest difference in average moisture content was approximately 6.5 % comparing 
Model 2b to 3b (Table 3.6) resulting in proportional variation in dry unit weight.  
Statistical variation within each model was a direct result of depth below the ground 
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surface (i.e. effective stress).  Model 3b showed relatively more statistical variation than 
other production models due to the differences in affinity for water of the kaolinite and 
80/20 – kaolinite/bentonite blend.   
Slope stability 
A series of analyses were used to determine critical slip surfaces.  The program 
“Slide” version 5.043 was used for limit equilibrium analyses to establish the critical 
surface for the static and psuedostatic condition (Figure 3.18).  Analyses assumed shear 
strength parameters cited in Table 3.4 for kaolinite and 80/20 blend and an average dry 
unit weight of 10.3 kN/m3 (16.1 kN/m3 saturated) .  Static factor of safety was roughly 
1.25 with a seismic yield coefficient (ky) of 0.10 g to produce failure.
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Figure 3.18: Critical slip surfaces for static, psuedostatic and select dynamic conditions.
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The pseudo-static slip surface identified in limit equilibrium analyses generally 
agreed with that identified in dynamic analyses.  The shear zone that developed during a 
fully coupled analysis is shown in Figure 3.18.  The program Fast Langrangian Analysis 
of Continua (FLAC) was used to execute these type analyses.  In general, input motions 
that induced permanent displacements in centrifuge models were observed to have failure 
that initiates in the area identified by the pseudo static surface (Figure 3.18), and then into 
a more diffuse shear zone through the motion duration.  This phenomenon is examined in 
depth in Chapter 4. 
Instrumentation performance  
All instrumentation was tested for functionality prior to installation.  Nevertheless, 
multiple instruments failed during the consolidation and/or testing phases of each model.  
Instrumentation that lost functionality during consolidation that was not near the model 
surface was not replaced.  In these cases the material disturbance required to replace said 
instruments outweighed the benefit of replacement.  In general, the failure rate of 
instrumentation decreased with each sequential model (Table 3.7).  The functionality of 
instrumentation and the nature of model response made data from specific models ideal 
for analyzing and describing specific response phenomenon.   
 
Table 3.7: Total instrumentation functioning throughout test program. 
Model ACC PPT LVDT Laser 
1b 18 12 1 1 
2a 14 14 2 
2b 17 18 3 
3a 16 18 3 
3b 14 18 3 
-- 
Note:  
1. Camera functioning in all test programs. 
2. Table 3.4 details the total installed instrumentation. 
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Model 1b 
Data acquired in Model1b was poor.  The failure rate of instrumentation in Model 1b 
made analysis specifically related to pore pressure generation and dissipation impossible. 
As such, dynamic response analysis using Model 1b data was generally missing 
complementary pore pressure data.  Similarly, displacement data on the slope face was 
not captured by high resolution instrumentation.  Overall, Model 1b response was used 
for generalized comparisons of acceleration to displacement response observed at the 
crest. 
Model 2b 
Model 2b instrumentation performed very well throughout the test program.  
Similarly model conditions at the start of several motions was both hydrostatic and with 
only small deformations between motions (i.e < 10 cm).  Data acquired from this model 
was deemed the highest quality for examining dynamic model response.  This included 
pore pressure generation and the evolution of acceleration and displacement response 
during a single motion.  Highly similar initial conditions at the start of motions (the first 5 
shakes) allowed for a diverse suite of motions to be compared and contrasted.  These 
phenomena are analyzed in detail in Chapter 4.  Post-seismic data from Model2b was 
also used in analysis; however, spatially distributed displacements at the surface were not 
captured due to resolution in the visual record.  Analysis of post-seismic data from this 
model is described in Chapter 5. 
Model 3b 
Model 3b instrumentation performed very well throughout the test program.  
However, all shakes were applied in a non-hydrostatic environment.  This condition made 
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conclusions about dynamic response complex and essentially specific only to Model 3b 
and the particular shake.  Post-seismic data from this model was of high quality, 
including spatially distributed displacements at the surface.  Data acquired from this 
model was deemed the highest quality for analyzing post-seismic slope response.  This 
phenomenon is examined and explained in detail in Chapter 5. 
Shear wave velocity 
Shear wave velocity of the model profile was evaluated in flight at the test g-level.  
This method allowed for direct measurements of soil profile stiffness including strain rate 
effects associated with rapid loading of clays in a centrifuge environment.  A method 
proposed by Elgamal et al. (1995) and Zeghal et al. (1995) for approximating stress-strain 
response for a downhole array was used to evaluate centrifuge model cyclic response.  
This method uses acceleration time histories integrated to velocity (to calculated shear) 
and then displacement (to calculate strain).  Calculated stresses and strains are assumed to 
be the average cyclic behavior between two respective instruments.  This method 
confirmed rough estimates of shear wave velocity using the arrival of the first peak 
method. 
Acceleration time histories from the vertical accelerometer array beneath the crest of 
the model (Figure 3.8) were used for stress-strain calculations.  The shear wave velocity 
profile was established by averaging the first three cycles of four motions in Model 2b.  
Shear wave velocity ranged from roughly 100 m/s at 2 m depth to 145 m/s at 8 m (Figure 
3.19).  This analysis established the depth-dependant shear wave velocity profile which 
was used in one- and two-dimensional site response analysis, detailed in Chapter 4. 
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Figure 3.19: Shear wave velocity measurement (Model 2b) and estimate of profile. 
 
Total displacements 
Total displacements within the model were recorded during post-testing model 
excavations.  This data was comprised of recording instrument movement from the 
installed location and deformation in noodles placed after consolidation stages.  The 
following describes observations made during the excavation of all production models 
and the general mechanism governing the overall response. 
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Model 1b experienced no perceptible deformations within the profile.  Some surface 
displacements were visually apparent through tension cracks at the surface (Figure 3.20) 
and confirmed from in-flight data, however, subsurface movements due to slip were not 
shown via noodle deformation (Figure 3.21).  Figure 3.21 suggests that displacements 
measured and observed at the surface were not realized at depth due to distribution of 
deformation along the entire soil profile (i.e. no coherent mass sliding) or resolution (i.e. 
coarse measurement of visual record in model scale).  The general lack of subsurface 
deformation was ultimately attributed to overconsolidation.  This issue is discussed later 
in this chapter. 
 
Figure 3.20: Plan view of tension cracks rear of the crest in Model 1b. 
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Figure 3.21: Deformation of noodles in Model 1b cross-section.
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Subsurface displacements were recorded in Models 2b and 3b from instrumentation 
location and noodle deformation.  Figure 3.22 shows the instrumentation displacement 
for both of these models.  Subsurface deformations in noodles at two cross-sectional 
locations are shown in Figures 3.23 and 3.24.  By comparison these deformations show 
two distinctly different modes of failure; (i.) rotational failure in Model 2b and (ii.) 
shallow infinite-slope type failure in Model 3b.  It must be noted however, that these 
deformations are the cumulative response of entire test programs and not necessary the 
type of failure observed during and after each shake in a particular program.
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Figure 3.22: Instrument movement from beginning to end of shaking program 
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Figure 3.23: Subsurface deformation for two cross-sections in Model 2b. 
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Figure 3.24: Subsurface deformation for two cross-sections in Model 3b.
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3.5 Discussion 
Model construction 
A total of five models were constructed to investigate the role of seismically 
generated pore pressures on the post-seismic displacement response of clay slopes (Table 
2.X).  These models incorporated multiple drainage boundary conditions and 
permeability (i.e. material) contrasts upon a single geometry.  Data generated from these 
models served as a basis for comparing the relative contributions afforded by material, 
drainage and dynamic input motion on post-seismic phenomenon.  Furthermore, the 
effects of pore pressure generation, soil non-linearity and two-dimensional geometry on 
dynamic and resultant displacement response were investigated.  Phenomenon specific to 
dynamic response is analyzed and discussed in Chapter 4, while post-seismic 
phenomenon is analyzed and interpreted in Chapter 5. 
Generalized model response 
Despite multiple shakes from 0.1 to 0.2 g base input, Model 1b did not experience 
displacements greater than 5 cm for any single shake.  Given the calculated yield 
acceleration of ~ 0.1 g, these magnitude displacements indicated soil strength was either 
inaccurately assigned or the model was not prepared to specification.  The latter of these 
was ultimately the reason for low magnitude displacements observed in Model 1b. 
During consolidation the model deformed enough to begin to contact the safety block 
(Figure 3.14).  This resulted in the model material exerting at-rest earth pressure against 
the block, and ultimately consolidating according to realized effective stresses.  Moisture 
content data (i.e. void ratio) collected during the model excavation was compared to the 
estimated void ratio based on material testing.  This served as a proxy to 
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overconsolidation in the profile.  Figure 3.25 shows the estimated versus measured void 
ratio for locations in the model cross-section.   
This data clearly shows that overconsolidation did occur in the lower half of the slope 
surface and into the toe of the model.  This material added strength and consequently 
resistance to sliding during shakes.  Overconsolidation of all subsequent models was 
mitigated by slowing the centrifuge slew rate from 1 g/min (i.e. the rate in Model 1b) to a 
range of 0.25 to 0.5 g/min.  
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Figure 3.25: Estimated overconsolidation for the centerline of Model 1b.
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Based on Model 2b excavation, rotational failure was the primary mode of failure.  
Deformations at-depth were almost purely due to inertial deformations, and represented 
roughly 90 % of total displacements observed throughout the shake program.  
Furthermore, the final motion applied to Model 2b was roughly 50 cycles at 0.8 g due to 
a shake table malfunction.  This motion caused extensive deformations in the model and 
likely represents a majority of that represented in Figure 3.23 and 3.24.  Lastly, post-
seismic displacements were a result of slow-moving viscous slides in the upper 2 m of 
the soil profile.  This phenomenon is analyzed and discussed at length in Chapter 5. 
Based on Model 3b excavation, slope failure along an infinite slope characterized the 
majority of displacements.  Subsurface noodles within the kaolinite core showed no or 
imperceptible deformations (Figure 3.24).  In this model, post-seismic displacements 
were shown to account for 60 % of total displacement measured during the shake 
program.  In must be noted however, that excavation data includes displacements induced 
by a spin-up failure. 
During the spin-up of Model 3b, a slop failure occurred at approximately 30 g.  
Photographs of the model surface before and after the spin-up failure are shown in Figure 
3.26 and 3.27.  Considering the time invested in preparation and planning, testing of the 
model commenced at 50 g.  In the period following the failure, the ability to confirm 
hydrostatic conditions in real-time was impaired by the uncertainty of which 
instrumentation had shifted during the spin-up failure (i.e. pore pressure measured is a 
function of depth below the water surface).  This resulted in Model 3b being tested in an 
overpressured state.  Excavation of Model 3b, showed that displacements from the spin-
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up failure and the shaking program were entirely in the cap material (Figure 3.22 and 
3.24). 
 
Figure 3.26: Plan view of Model 3b before the spin-up failure. 
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Figure 3.27: Plan view of Model 3b after the spin-up failure. 
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CHAPTER 4: DYNAMIC RESPONSE 
4.1 Introduction 
A variety of input motions were applied to each centrifuge model to develop a diverse 
set of post-shaking pore pressure conditions and characterize the dynamic response of the 
models.  This chapter focuses on the dynamic response and its coupled response to pore 
pressure and resultant displacement response and how each of these responses changes 
with respect to within a single motion and between separate input motions. 
This chapter begins with a discussion of the input motions applied to each centrifuge 
model.  The chapter describes the motivations for applying each motion in the context of 
dynamic, pore pressure and displacement response.  The chapter focuses on motions 
applied in production Model 2b to deconstruct these three processes.  This model 
produced the highest quality data for understanding these phenomena (see Chapter 3).  
Conclusions on dynamic response drawn from observations and numerical modeling are 
contained in this chapter.  Slope performance after shaking (i.e. pore pressure migration, 
time-dependant displacements, etc.) is discussed in the following chapter. 
Motivation for shaking program 
Each centrifuge model shake program was designed with the goal of applying a series 
of motions to characterize basic model response and generate a suite of pore pressure 
distributions following each shaking.  In general, the targeted approach was to generate 
diverse pore pressure regimes via motions that deliver, independently and program-wide, 
a diverse amplitude, duration and frequency content.  By controlling these input 
characteristics, pore pressure generation and displacement response could also be 
characterized as function these.  Similarly, each test schedule was designed to include 
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both non-destructive and destructive (i.e. permanent deformation) input motions.  All 
motions were constructed to have a one second linear ramp from zero to full and full to 
zero amplitude and the beginning and end respectively, with uniform amplitude between 
ramps.  A summary of characteristics, sequence and basic research motivation for all 
motions and all models is contained in Table 4.1.  A plot of each input motion, as 
observed at the base of the model container is contained in Appendix C. 
Input motions and the sequence in which they were applied, were chosen to target 
two key types of response: (i) trends between two or more motions and (ii) trends through 
the duration of a single motion.  The first of these describes the cumulative, or bulk, 
effect of specific motions on the pore pressure and displacement response (e.g. peak 
ground acceleration vs. horizontal displacement).  The latter aimed to identify 
mechanisms governing the evolution of dynamic response and the resultant pore pressure 
and displacement response during a specific motion (e.g. effects of soil softening on 
sequential rates of displacement). 
In addition to characterizing model response as a function of input motion 
characteristics (i.e. amplitude, duration and frequency), the sequence of shakes was 
chosen to develop an understanding of repeatability from motion to motion and/or model 
to model.  Similarly, repeated motions were used to understand the effect of model 
materials, drainage boundary conditions and drainage conditions (i.e. drained versus 
over-pressured environment).  For reporting and discussion purposes, all units in this 
chapter are in prototype scale unless otherwise noted.
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8
 
Table 4.1: Summary of input motions for all centrifuge models. 
Model Input Motion PGA (g) 
Ia 
(cm/s) 
Duration 
(s) Motivation 
Motion01-2to6HzSweep 0.021 1.2 9.0 Model characterization (i.e. fundamental frequency) 
Motion02-2to6HzSweep 0.045 6.9 9.0 
Motion03-2to6HzSweep 0.037 4.8 9.0 
Repeatability of response; Does the model response change 
with repeated shaking? 
Motion04-4Hz10Cycles 0.036 2.0 4.5 
Motion05-2Hz10Cycles 0.079 15.3 6.5 
Effect of frequency content. How does frequency impact 
pore pressure generation? 
Motion06-4Hz15Cycles 0.033 2.4 5.5 
Motion07-4Hz20Cycles 0.035 5.3 9.0 
Effect of longer duration. How does duration impact pore 
pressure generation? 
Motion08-4Hz10Cycles 0.089 13.0 4.5 
Motion09-4Hz10Cycles 0.196 66.3 4.5 
1 
Motion10-4Hz10Cycles 0.487 322.7 4.5 
Effect of increased amplitude.  What are the effects of 
amplitude on pore pressure generation and displacement? 
Motion00-2to6HzSweep 0.110 41.1 9.0 Model characterization (i.e. fundamental frequency at 50g) 
Motion01-2to6HzSweep 0.024 1.6 9.5 Model characterization (i.e. fundamental frequency at 53g) 
Motion02-4Hz50Cycles 0.026 4.6 15.9 
Motion02A-4Hz50Cycles 0.074 46.1 15.9 
Effect of long duration, low and moderate amplitude.  
(Model 1 – Motions 04, 06, and 07) 
Motion03-4Hz30Cycles 0.130 85.0 10.9 Effect of high amplitude destructive shake on pore pressure response 
Motion04-2to6HzSweep 0.117 51.4 9.5 Effect of high amplitude multi-frequency destructive shake 
Motion05-4Hz30Cycles 0.443 1159 15.9 Create pre-existing slide mass 
Motion06-4Hz30Cycles 0.134 91.2 10.9 Repeatability from before/after slide (Motion03) 
2 
Motion07-2to6HzSweep 0.021 1.4 9.5 Model characterization after multiple non- and destructive input motions. 
Motion01-2to6to2HzSweep 0.061 39.3 28.0 Model characterization (i.e. fundamental frequency) 
Motion02-4Hz30Cycles 0.143 99.8 10.5 Effects with and without bentonite cap (Model2 - Motion03) 3 
Motion03-2to6to2HzSweep 0.050 26.2 30.2 Effects of shaking in over-pressured environment 
Notes: 
1. Motion nomenclature indicates sequence, frequency content and number of cycles at full amplitude, where relevant. 
2. Duration indicates the time elapsed from the beginning of shaking at the base to the end of shaking at the crest of the model. 
3. All units are in prototype scale. PGA – peak ground acceleration, Ia – Arias Intensity (Arias, 1970).
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Generalized trends in dynamic response 
Dynamic response for all models can be grouped into two main categories (i.) non-
destructive with no or minimal permanent displacement and (ii.) destructive with 
permanent horizontal displacements exceeding 2 cm.   The most apparent difference 
between these two is a marked change in acceleration response for destructive motions at 
depths above the lower limit of a developed shear zone.  This behavior is marked by a 
distinct muted response following an initial peak, whereas non-destructive motions 
exhibit a uniform response (Figure 4.1). 
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Figure 5.1: Comparison of destructive and non-destructive crest acceleration response. 
 
 
 
Displacement response is generally a result of motion amplitude (Table 4.2).  
Displacement rate and magnitude of incremental slips adhere well to the mechanisms 
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defined by Newmark (1965).  However, the slip surface is generally a softened diffuse 
shear zone between the idealized ‘base’ accelerations and rigid block.  Initiation of 
displacement during destructive motions was generally a result of cyclic softening of 
slope material during a build up of dynamic response.  For input motions where the peak 
acceleration exceeds the yield acceleration dramatically (i.e. more than double) 
displacements begin typically on the first cycle (e.g. Motion05) exceeding the yield 
acceleration.  Effects of displacements through a shear zone typically impact of 
acceleration response via damping. 
Pore pressure generation during shaking is a result of cyclic straining exceeding a 
strain level under which no residual excess pore pressure is developed (i.e. cyclic strain 
limit).  Maximum values of pore pressure are typically observed in the lower half to one-
third of the model profile during destructive motions.  The cyclic strain mechanism is 
consistent through all motions and models with slight variations.  Subtle changes in the 
capacity of the soil to generate pore pressure is likely due to incremental densification of 
model material with repeated shaking, which in turn increases the cyclic strain limit.  The 
effect of pore pressure on dynamic response is in the form of increased material damping 
(typically less than 5%) proportional to the magnitude of pore pressure generated.  This 
marginal increase was identified by comparing centrifuge observations with numerical 
simulations which did not include pore pressure generation.  No significant contribution 
of pore pressure to displacement response during shaking was observed.  A summary of 
peak pore pressure response is contained in Table 4.2. 
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Table 4.2: Summary of peak model response for entire centrifuge program. 
PGA (g) Displacement (cm) Pore Pressure  Model Input Motion 
Base Crest 
Amp. 
Ratio Vert. Horz. kPa Location
Motion01-2to6HzSweep 0.021 0.116 5.6 0.1 0.4 1.13 PPT18 
Motion02-2to6HzSweep 0.045 0.154 3.4 0.5 1.9 15.3 PPT11 
Motion03-2to6HzSweep 0.037 0.157 4.3 0.3 1.2 0.88 PPT13 
Motion04-4Hz10Cycles 0.036 0.142 4.0 0.1 0.3 0.42 PPT13 
Motion05-2Hz10Cycles 0.079 0.158 2.0 1.8 8.1 12.9 PPT11 
Motion06-4Hz15Cycles 0.033 0.168 5.1 0.1 0.3 0.33 PPT1 
Motion07-4Hz20Cycles 0.035 0.162 4.7 0.3 0.6 0.57 PPT13 
Motion08-4Hz10Cycles 0.089 0.193 2.2 0.5 1.4 9.25 PPT18 
Motion09-4Hz10Cycles 0.196 0.203 1.0 1.3 3.4 6.84 PPT18 
1 
Motion10-4Hz10Cycles 0.487 0.240 0.5 3.4 5.1 10.5 PPT5 
Motion00-2to6HzSweep 0.110 0.131 1.2 8.5 10.8 4.54 PPT9 
Motion01-2to6HzSweep 0.024 0.106 4.4 0.0 0.0 0.63 PPT17 
Motion02-4Hz50Cycles 0.026 0.148 5.7 0.0 0.0 1.98 PPT17 
Motion02A-4Hz50Cycles 0.074 0.193 2.6 0.1 9.2 2.24 PPT13 
Motion03-4Hz30Cycles 0.130 0.202 1.6 0.4 13.3 4.81 PPT16 
Motion04-2to6HzSweep 0.117 0.176 1.5 0.7 7.6 1.95 PPT12 
Motion05-4Hz30Cycles 0.443 0.197 0.4 7.9 68.7 33.2 PPT5 
Motion06-4Hz30Cycles 0.134 0.165 1.2 0.1 6.3 6.37 PPT6 
2 
Motion07-2to6HzSweep 0.021 0.122 5.7 0.0 0.0 0.36 PPT10 
Motion01-2to6to2HzSweep 0.061 0.178 2.9 1.3 9.5 2.65 PPT15 
Motion02-4Hz30Cycles 0.143 0.123 0.9 0.2 4.4 3.15 PPT11 3 
Motion03-2to6to2HzSweep 0.050 0.155 3.1 0.0 20.6 0.51 PPT13 
Note: Instrumentation location plans are shown in Figures 3.5, 3.6, 3.8 and 3.9.
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4.2 Physical modeling results 
The following section presents aggregated response for all motions in the centrifuge 
testing program.  Select input motions and their resultant response are used to 
demonstrate typical trends in spatially dependant (e.g. pore pressure generation, intensity, 
etc.) and time dependant (e.g. cyclic softening, pore pressure generation etc.) phenomena.  
Plotted data for all instrumentation and input motions can be found in Appendix C. 
Model characterization 
A low amplitude sine sweep was used to establish the fundamental frequency of the 
models.  These motions were the first motions in each testing series.  The fundamental 
frequency for Models 1 and 2 was roughly 2.8 to 3.2 Hz, and Model 3 was approximately 
2 Hz (Figure 4.2).  A lowered fundamental frequency was expected in Model 3 due to the 
softer material at the surface (i.e. kaolinite-bentonite blend); however the primary factor 
contributing to change was the change in geometry which occurred during the static spin-
up failure. 
Characteristic response 
Centrifuge models exhibited behavior that was generally predictable with respect to 
peak acceleration and displacement response.  Similarly, dynamic response between 
identical motions applied at different points in the motion sequence demonstrated 
repeatability. 
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Figure 4.2: Base and crest acceleration response for characterization sine sweeps. 
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Figure 4.3: Base to crest peak accelerations for all testing models and two calibration models.
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Base to crest acceleration response for three test models and two calibration models, 
62 motions in total, showed similar response (Figure 4.3).  This figure shows a distinct 
rollover in crest acceleration response and drop in base to crest amplification for base 
input peak ground accelerations exceeding approximately 0.15 g.  It is important to note 
that calibration shakes were generally more irregular and less uniform than production 
model shakes, by virtue of being applied to establish a calibration factor.  Despite this, 
peak response is highly predictable and repeatable and not an artifact of using harmonic 
input motions in testing models.  Similarly, differences in material and geometry (i.e. 
Model 3) or overpressured conditions prior to the initiation of shaking did not 
dramatically impact base to crest peak acceleration response. 
Displacements induced by shaking for all motions showed trends similar to 
accelerations.  In Figure 4.4, permanent displacements exist for shakes experiencing crest 
accelerations exceeding 0.15g in kaolinite only models (i.e. Models 1 and 2) and 0.1 g in 
capped models.  It is here that contributions from material strength and geometry are 
more apparent.  In short, sliding initiates under lower peak accelerations in lower shear 
strength cap material, comparable to kaolinite only models.  Differences in permanent 
displacements where similar or the same crest PGAs are observed were the result of input 
motion intensity (i.e. cumulative cycles at a given amplitude). 
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Figure 4.4: Horizontal displacement response for all production and two calibration models. 
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Repeatability of the models is also apparent in repeated motions.  Model 2 contained 
two identical pairs of motions (i.e. Motion01 and 07 and Motion03 and 06).  The low 
amplitude sweeps at the start and finish of the testing program demonstrate that after five 
moderate to high amplitude (Motion02A to Motion06) shaking events and subsequent 
displacements, no appreciable shift in fundamental frequency had occurred (Figure 4.5).  
Similarly, acceleration response at the crest for Motions03 and 06 is only marginally 
different.  These differences are exhibited by roughly 10% lower acceleration response 
and increased amplification of 1 to 2 Hz energy in Motion06 (Figure 4.5).  This 
somewhat muted response in Motion06 is likely due to the overpressured (i.e. non-
hydrostatic) environment remaining from pore pressures generated in Motion05.
 9
8
 
 
Figure 4.5: Dynamic response of repeated (a.) low amplitude sweeps and (b.) 4Hz – 30 cycle motions.
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Non-characteristic response 
Dynamic response of all models can be grouped into two categories; (i.) non-
destructive and (ii.) destructive motions.  The latter of these two implies that permanent 
displacements are observed during the shake.  These categories exhibit distinct 
differences in the amplitude of acceleration response over the duration of the motion due 
to occurrence of plastic strains.  Other non-characteristic response relates to (i.) pore 
pressure generation and (ii.) magnitude of displacement response.  Both of these 
responses diminish with repeated shaking and are a result of changes in the model 
material and geometry induced by all previous shakes. 
Trends in acceleration response are governed by whether or not the input motion 
induces permanent displacements.  During motions that do not result in permanent 
displacements (i.e. non-destructive), a highly uniform amplification of acceleration 
occurs over the entire duration of the motion (Figure 4.6).  For destructive motions, a 
distinct peak in acceleration occurs near the first full cycle of amplitude, then becomes 
muted as shaking continues (Figure 4.6).  This behavior is caused by material softening 
and subsequent onset of permanent displacements due to sliding, both of which combine 
to damp and base isolate upper portions of the slope profile (Figure 4.7).
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Figure 4.6: Acceleration response for a non-destructive and destructive input motion.
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Figure 4.7: Soil softening and initiation of displacement in Motion03 of Model 2b. 
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Pore pressure generation generally increases proportionally to dynamic acceleration 
response throughout an input motion.   In short, residual excess pore pressure remaining 
in the model following a shake is a direct result of amplitude and duration.  More directly 
it is a result of the number of cyclic strain cycles and the amplitude, and to a lesser extent, 
frequency (i.e. duration) of each sequential cycle.  Therefore, although peak ground 
accelerations increase with decreasing depth along the profile for all motions, the greatest 
‘strain intensity’ is not necessarily at corresponding locations.  This is particularly true in 
destructive input motions for the reasons described above. 
From a global perspective, pore pressure generation increased proportionally to input 
motion intensity.  Figure 4.8 shows distribution of pore pressure generated during three 
select motions from Model 2.  Each of these motions resulted in permanent displacements 
at the surface and generally experienced greater Arias intensities (Arias, 1970) in the 
lower portion of the model profile (Figure 4.9).  Comparing Figures 4.8 and 4.9 it can be 
seen that spatial distributions of pore pressure generation generally track with motion 
intensity.  One obvious exception in this comparison is Motion02A which experiences 
the greatest intensity of shaking beneath the crest (location ACC11).  This occurs since 
pore pressure generation is a function of the accumulation of cyclic strain intensity above 
a threshold shear strain.  This mechanism is discussed in detail later in the chapter. 
 1
0
3
 
0 10 20 30 40 50
X (cm)
0
4
8
12
16
20
Z
 
(
c
m
)
0.32 0.38 0.57 0.57 0.48
1.14
1.35 0.38
4.62
2.11 2.03
2.63
2.07 0.51 1.78
4.81
1.33
-0.15
Motion03--30cyc--0.13g
0 10 20 30 40 50
X (cm)
0
4
8
12
16
20
Z
 
(
c
m
)
0.31 0.34 0.32 0.72 0.25 0.19
0.59 0.17 2.18 1.24 0.55
2.16
2.27 0.47 1.29 0.51
1.27
0.46
Motion02A--50cyc--0.07g
0 10 20 30 40 50
X (cm)
0
4
8
12
16
20
Z
 
(
c
m
)
0.39 0.19 0.76 0.73 0.51 0.62
1.62 0.36
4.53
1.64 1.07
1.39
2.09 1.08 2.66 2.47
1.46
0.35
Motion00--Sweep--0.11g
Notes:
1. Symbol area idicates magnitude of residual pore pressure.
2. Scale of symbol is uniform across all plots.
3. Value above each symbol indicates the residual excess 
    pore pressure in kilopascal after each motion.
 
Figure 4.8: Spatially distributed residual excess pore pressure generated during three select motions. 
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Figure 4.9: Spatially distributed Arias intensity for three select motions 
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Pore pressure generation from motion to motion, generally follow a relationship to 
number of cycles at a given cyclic strain amplitude. However, subtle differences in 
spatial distribution occur due to the effect of historical shakes.  These differences are not 
spatially uniform, but rather variable and a direct consequence of the previous spatially 
variable pore pressure generated.  Subsequent densification, as pore pressure drains, 
caused spatially different physical changes in model material resulting in different pore 
pressure response.   
The impact of pore pressure generation on slope stability during the shake is minor.  
Despite larger excess pore pressures in the lower half of the profile, maximum pore 
pressure ratios were generally experienced at depths less than 1 m.  Figure 4.10 shows 
contours of the pore pressure ratio for three select motions.  These altered effective stress 
likely reduced resisting shear strength, however, the resultant displacement behavior at 
the surface was dominated by Newark type sliding at depths greater than 4 m.  Similarly, 
the contribution of pore pressure on dynamic response appears to be marginal increases 
in damping throughout the duration of an input motion. 
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Figure 4.10: Spatially distributed of pore pressure ratio following three select motions.
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4.3 Numerical Analysis 
A series of numerical models were constructed to greater understand the dynamic 
response in the centrifuge models.  These analyses focused on 1D column response 
(equivalent linear and nonlinear), 2D model response (elastic and Mohr-Coulomb), 
dynamic response at a developed shear zone, and rigid block type displacement response.  
The relative contribution of material/model non-linearity, 2D geometry and boundary 
conditions to dynamic response are discussed in the following section.  It is the 
combination of these three conditions which contribute to the muted acceleration 
response observed during destructive motions. 
1D site response 
Site response analyses of simplified soil columns were conducted using the 1D site 
response software DEEPSoil, version 3.7 beta (Hashash, Y. et al., 2009).  This program 
was chosen for its ability to execute both equivalent-linear (frequency domain) and non-
linear analyses (time domain).  Both of these types of analysis were used to evaluate the 
effects of soil non-linearity on dynamic response in the models.  DEEPSoil also has the 
ability to capture pore pressure generation in clays by implementing a cyclic strain based 
model proposed by Matasovic and Vucetic (1995). 
The area modeled by 1D simulations was the profile from base to crest.  
Accelerometers which provided target response are shown in Figure 4.6.  The modeled 
column was broken in nine zones of 1.06 m in height, resulting in a total height of 9.54m 
in the prototype scale.  Unit weight and effective friction for all layers was 102 lbs/ft3 and 
31 degrees, respectively. 
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Dynamic input soil parameters for 1D column simulations were assigned by using a 
depth-dependant shear wave velocity and modulus reduction curves.  Initial shear wave 
velocity was assigned according to stress-strain response in the model in the initial cycles 
of a motion.  This process of these measurements is detailed Chapter 3.  Depth dependant 
modulus reduction and damping curves were assigned according to Darendeli (2001).  
This model constructs target curves based on soil plasticity, effective friction angle, and 
effective overburden pressure.  Darendeli (2001) parameters defining modulus reduction 
and damping in the simulations are summarized in Table 4.3.  A plot of shear wave 
velocity with depth and the range of depth dependant modulus reduction and damping 
curves used are in Figure 4.11.   
Table 4.3: Summary of input parameters modulus reduction and damping curves 
(Darendeli, 2001). 
PI (%) phi OCR Ko N Freq. (Hz) 
33 31 1 0.48 10 1 
Note: Input parameters also include the effective stress at each profile location. 
 
Attempts to match response with 1D idealization produced mixed results.  In general, 
equivalent linear simulations were able to capture non-destructive response along the 
entire profile depth.  However, accuracy of modeled response versus observed decayed 
with increasing input motion magnitude.  This mismatch is marked by the difference in 
amplitude and evolution of acceleration response in the upper half of the profile (Figure 
4.12).  In short, equivalent linear simulations exhibit higher PGA (i.e. higher 
amplification) then observed response, and show uniform response at full amplitude (i.e. 
no drop in acceleration following initial cycles). 
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Figure 4.11: Deepsoil shear wave velocity profile and modulus reduction and damping 
curves. 
 
 
 
This suggests that as amplitude increases, contributions from soil non-linearity 
increase accordingly.  Non-linear simulations were conducted to address what 
contribution, if any, would be a result of non-linearity.  Not surprisingly, results for non-
destructive motions produced negligible difference from equivalent-linear simulations.  
Considerably better matching for the entire duration with respect to amplitude, compared 
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to equivalent-linear simulations, was observed for destructive motions (Figure 4.12).  
However, uniform acceleration response was observed for the entire duration. 
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Figure 4.12:  Response for Motion03 (a.) measured, (b.) equivalent-linear simulation and (c.) non-linear simulation.
 
112
 
Overall, response from non-linear simulations was better at matching acceleration 
magnitudes observed along the model profile.  However, no 1D modeling technique was 
able to capture the precipitous drop in acceleration following the initial peak cycles 
observed in destructive motions.    
Figure 4.13 shows peak acceleration and spectral response of observed and both 1D 
simulations for Motion03.  From this plot it can be seen that non-linear effects affect 
response along the entire profile.  This contribution from soil non-linearity grows with 
decreasing profile depth.  Matching of acceleration response is near identical at depths 
greater than 3.5 m.  Spectral response is more accurately modeled in non-linear (time 
domain) simulations.  The marked difference when comparing equivalent linear 
simulations was the result of the accumulation of uniform cycles in compared to 
considerably lesser magnitude cycles in the observed response.  An additional similarity 
is the slight broadening of the spectrum of response and the appearance of higher modes 
of vibration in the non-linear simulations.  These higher frequencies were not captured in 
equivalent linear simulations. 
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Figure 4.13: Comparison of Motion03 PGA and spectral response measured, equivalent 
linear and non-linear 1D response analysis. 
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2D site and slope response 
Numerical modeling of the entire model geometry was achieved using the finite 
difference software Fast Lagrangian Analysis of Continua (FLAC) version 5.00.391 
developed by Itasca.  Advantages of using this software include a strain dependent 
(hysteretic) modulus and damping capable of matching equivalent-linear solutions within 
the context of a time domain solver.  Therefore, simulations within FLAC allow for the 
identification of the relative contribution of 2D geometry to the observed model response.  
The following provides and discussion of modeling conditions, and acceleration and 
displacement response. 
Model material behavior and boundary conditions were constructed to closely match 
those in the centrifuge while.  This included assigning Mohr-Coulomb strength 
parameters to the model material and extending the right-side boundary.  These actions 
allowed permanent displacements to occur and a more accurate modeling of the boundary 
at the interface of the kaolinite model and the aluminum wall of the model container.  
Simulations in FLAC were simplified by not including fluid interaction.  Therefore, 
contributions to dynamic response induced by residual pore pressures generated during 
the motion are not captured. 
Initial material parameters used in FLAC simulations were the same as those in 1D 
Deepsoil columns.   Shear wave velocities were assigned, according to the depth of the 
centroid of each element in the mesh.  The unit weight of soil was 39.6 lbs/ft3, in order to 
achieve the effective stress regime of a submerged slope, without modeling the liquid 
phase of the material.  Soil strength was assigned with an effective friction angle of 31 
and cohesion of 0.3 kPa.  An additional 1.8 kPa of cohesive strength was assigned to 
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elements with centroid depths less than 1.5 m.  This additional strength was used to 
prevent abnormally large displacements from occurring in the upper most elements, due 
to low Mohr-Coulomb strength (i.e. low overburden stresses).  This magnitude of total 
cohesive strength (2 kPa) was based on vane shear testing on kaolinite of similar water 
content (see Chapter 3.2). 
Dynamic material properties were uniformly applied across the model.  A modulus 
reduction curve based on Darendeli (2001) at a depth of 4.5 m was used.  This target 
curve was assigned with the FLAC “Sigma 3” model.  A detailed description of this 
model and its formulation can be found in Itasca (2005).  This model uses three curve 
fitting coefficients to match a characteristic modulus reduction curve.  This model has 
been observed to provide more accurate matching to a modulus reduction curve than 
other available models in FLAC at the cost of producing significantly more damping at 
strains greater than 0.1%.  Figure 4.14 shows the performance of the “Sigma 3” model for 
a series of strain cycles versus the target modulus reduction and damping curves.  
Increased damping generated by this model was acceptable considering typical cyclic 
strains induced in the model (< 0.2 %) and high damping (> 10 %) observed in the 
centrifuge data (See Chapter 3).  A small amount of Rayleigh type damping (stiffness 
only) was also applied to reduce high-frequency/low-energy noise from accumulating in 
the model.  This damping was applied at 1 Hz with a magnitude of 0.2 % 
 
116
0.0001 0.001 0.01 0.1 1 10
Strain (%)
0
10
20
30
D
am
pi
ng
 (%
)
0.0001 0.001 0.01 0.1 1 10
Strain (%)
0
0.2
0.4
0.6
0.8
1
G
/G
m
ax
FLAC (Sigma3)
Darendeli (PI = 33)
0 0.1 0.2 0.3 0.4 0.5
Strain (%)
-12000
-8000
-4000
0
4000
8000
12000
16000
St
re
ss
 (k
Pa
)
 
Figure 4.14: Validation of FLAC “Sigma 3” hysteretic model against Darendeli (2001) 
for PI = 33. 
 
 
 
Boundary conditions in FLAC simulations were modeled to closely represent contact 
boundaries of the kaolinite model and aluminum model container.  Input motions were 
applied via velocity time histories in the second row of nodes at 0 m and through the 
vertical lateral boundaries.  The bottom boundary of the model was extended downward 
an additional 20 cm.  This allowed for the bottom most nodes (-0.2 m) to be fixed in the 
vertical direction and free to move horizontally with the applied motion.  The right lateral 
boundary was modeled by adding an additional 7 m of soil having the same material 
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properties, resulting in a semi-compliant vertical boundary.  The basis for selecting this 
method is described in detail below. 
Based on observed dynamic response in 1D simulations, it was concluded that the 
drop in acceleration following the initial few cycles was a result of 2D geometry and 
plastic strains (i.e. permanent displacements via slip).  Similarly, the potential of soil 
structure interaction with the right lateral boundary needed to be excluded as a critical 
contribution to dynamic response.  A series of three simple boundary conditions was used 
to evaluate the contributions of different two-dimensional geometries and mechanical 
boundary conditions.  These three cases were evaluated using Motion03. 
The model shape and boundary conditions assigned to this series are shown in Figure 
4.15.  “Free Field” is a model with a lateral boundary the full height of the model with a 
free-field compliant boundary at the edge.  This condition represents a model with 2D 
effects but no boundary interference via reflected waves.  The model named “Symmetric” 
is nearly symmetric with left-side slope inclined at 30 degrees and right-side inclined at 
26.  This condition represents a model with 2D effects and no boundary interaction.  The 
final condition, “Semi-Rigid”, has an additional 7 m of soil creating a zone that dissipates 
some energy.  This condition represents a model with 2D effects and boundary 
interaction that includes some reflected energy.  A model with rigid boundaries at the 
physical extent of the model was analyzed but is not considered in this discussion.  This 
model drove excessive amounts of energy into the model causing complete reduction of 
shear modulus (G/Gmax = 0) in some zones inducing displacements greater than 5 m.  As 
such, this analysis was ruled out as a realistic scenario in the centrifuge. 
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This exercise showed that the “Semi-Rigid” condition afforded the best match to 
observed centrifuge response (Figure 4.16).  Characteristic suppression of accelerations 
after the initial few cycles during destructive motions is a result of (i.) slip (i.e. shear 
failure) and (ii.) two-dimensional geometry.  The first of these causes considerable 
reduction in accelerations experienced at the surface.  This is evident in the “Symmetric” 
case where both sides of the geometry failed in slip.  The contribution from 2D geometry 
is in suppressing the negative side of the accelerations.  This is evident in the “Free-
Field” condition where the model does not experience reflections from the boundary but 
nevertheless interacts with the boundary mass.  Ultimately the “Semi-Rigid” case 
represents some combination of boundary reflection and interaction with the boundary 
mass. 
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Figure 4.16: Crest response for observed and series of two dimensional simulations. 
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Dynamic response within the profile of the Semi-Rigid case matched trends in 
acceleration response observed in the centrifuge.  However, magnitudes of peak 
acceleration typically exceed those observed by as much as 0.1 g at all locations along the 
profile (Figure 4.17).  Spectral response at these locations (Figure 4.18) suggest rather 
well matched response, suggesting that rather large spikes in acceleration are generated at 
high frequencies (>15 Hz), and do no represent significant energy.  Comparing two-
dimensional with one-dimensional spectral response, better matching occurred in 2D 
simulations.  Similarly, higher modes of vibration observed in the centrifuge at 
approximately 8 and 12 Hz was captured in the 2-d model.  Overall, these results suggest 
the ability to simulate trends in acceleration time histories and spectral response requires 
a model that incorporates two-dimensional geometry, soil non-linearity and shear failure 
criterion.  These simulations also suggest that pore pressure generation, which was not 
modeled, would not significantly affect the observed trends in dynamic response. 
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Figure 4.17: Acceleration response along vertical profile for observed and two-
dimensional simulations. 
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Figure 4.18: Spectral response along vertical profile for observed and two-dimensional 
simulations. 
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Displacements observed in the two-dimensional simulations for Motion03 were 
roughly 50% more than that observed in the centrifuge in the slope direction (Figure 
4.19).  Simulations succeeded in capturing the delayed initiation of displacements that 
typically occurred at location LVDT2.  However, magnitude and rate of displacement 
were generally not captured.  Two-dimensional FLAC models showed no or negligible (< 
5 cm) displacement when subjected to non-destructive motions. 
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Figure 4.19: Displacements observed in centrifuge and two-dimensional FLAC 
simulations for Motion03. 
 
Following initiation of displacements in FLAC simulations, a propagating shear 
surface was observed to develop during the motion.  Considering the profile beneath the 
crest of the slope at the time permanent displacements begin to occur (~1 to 2 s), shearing 
is occurring in zone roughly 0.75 m in thickness with a maximum depth of approximately 
2.5 m.  Over the duration of Motion03 this shear zone continues to thicken with 
maximum depths of roughly 3.5 m at 5 s, and 6 m at 7 s.  At the end of shaking this zone 
 
125
is approximately 4.5 m in thickness at beneath the crest of the model.  Plots of permanent 
displacements at discrete times for profiles beneath the crest and mid-slope during 
Motion03, and total shear strain at the end of the motion, are shown in Figure 4.20. 
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Figure 4.20: Total displacement at discrete times during Motion03 and total shear strain induced at the end of the motion. 
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Transmission, reflection and dissipation of waves 
Two-dimensional analysis demonstrated that the shear surface develops (i.e. thickens) 
throughout the duration of a destructive motion.  This behavior suggests that trends in 
dynamic response were a result also of a slip surface.  Similarly, slip in the initial cycles 
contributed to continued deepening of the slip surface.  Miller (1978) showed that 
frictional surfaces have the effect of transmitting, absorbing and reflecting incident waves 
that exceed the soil shear strength.  A simplified 1D case of this phenomenon was 
performed to illustrate the potential effect of reflected waves on a propagating failure 
surface. 
Analysis of the effect of a localized shear zone was conducted by constructing a one-
dimensional elastic column, containing a single 0.2 m plastic (i.e. Mohr-Coulomb) zone 
centered at 1.6 m below the ground surface.  For this simulation a single 4 Hz sinusoidal 
acceleration pulse (PGA of 0.12 g) was applied to the column.  Compliant dynamic 
boundaries were used at the top and bottom of the column to prevent reflected energy 
from the column boundaries from entering back into the system. A schematic of the 
column and results are plotted in Figure 4.21. 
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Figure 4.21: Schematic representation and results of energy transfer simulation. 
 
 
 
Velocity responses of the column under elastic, and with a localized shear zone, are 
displayed in Figure 4.21.  This figure shows how under elastic conditions, each zone of 
the column experiences the same energy with a phase shift proportional to shear wave 
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velocity.  However, when a localized shear zone is present, energy fails to be transmitted 
when the zone is at yielding.  Remaining energy that is not transmitted is either absorbed 
or reflected downward, back into the portion of the column beneath the shear zone. 
Energy that is reflected posses the potential for constructive interference that could 
effectively fail subsequently deeper zones.  For this case, the reflected downward 
propagating wave increased the peak velocity by as much as 20 % at a depth of 3.1 m 
below the surface (Figure 4.20).  This increase diminishes with depth.  Figure 4.22 shows 
the velocity time histories at locations above and below the localized failure zone for both 
cases.  This translates to the displayed coefficients of reflection, transmission and 
absorption.   In this case, energy due to the reflected wave is 20 to 30 % in the first meter 
below the localized shear zone (Figure 4.22).  This demonstrates that for a single cycle, 
considerable energy reflected from an initially shallow zone could increase the likelihood 
of subsequent failure in adjacent deeper zones. 
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Figure 4.22: Energy transmission, reflection and absorption across the 0.2 m localized shear zone.
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Newmark rigid block movement 
Following the initiation of displacement, continued movement at the surface of the 
models were driven by accelerations within the profile.  These accelerations drove both 
the development of a shear surface and subsequent additional displacements.  A 
simplified rigid block approach was used to correlate accelerations observed in centrifuge 
models to resultant permanent displacements at the surface of the model. 
Numerical modeling of two-dimensional geometry suggests that the slide mass and 
thickness of the shear surface changes with time, rather than a coherent mass above a thin 
slip surface.  However, a sliding block approach would help to identify whether the 
initiation of sliding is a result of exceeding the yield acceleration or a build-up and/or 
amplification of acceleration.   
Simulations used the acceleration time histories at location ACC8 (Figure 4.6) for 
three select motions.  This instrument was chosen since it represented amplified 
accelerations experienced near the lower boundary of the fully developed shear zone.  
The program YSLIP (GeoSyntec Consultants, 1996) was used to generate displacement 
time histories for yield accelerations from 0.02 to 0.2 g.  Soil effective frictional strength 
was held constant at 31 degrees.  The results of each simulation for the most likely yield 
acceleration, and the measured surface displacements are plotted in Figure 4.23. 
 
132
0 4 8 12 16 20
Time (s)
0
2
4
6
8
10
12
14
In
er
tia
l D
isp
la
ce
m
en
t (
cm
)
Motion00 (ky ~ 0.074)
Motion02A (ky ~ 0.062)
Motion03 (ky ~ 0.084)
Note: 
1. Dashed lines indicate measured data.
2. Solid lines indicate YSLIP simulations.
 
Figure 4.23: Measured and simulated sliding-block displacements for three select 
motions. 
 
 
 
Comparing sliding block simulations and observed displacements, the match was 
generally good with few exceptions.  All simulations generally match the trend observed 
in the centrifuge; however, Motion02A was the best.  The simulation of Motion00 tended 
to over shoot measured displacements while Motion03 simulations tended to predict the 
initiation of displacements prior to that observed.  This tends to suggest initiation of 
displacement was not acceleration amplitude alone.  Along the same vein, the optimal 
yield acceleration that showed the best time history match varied roughly 20 %.  These 
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discrepancies are likely due to evolution and changes in the model material/geometry 
during the test series, and the diffuse shear zone that develops during each destructive 
motion. 
4.4 Discussion 
Dynamic response in the centrifuge models can be broadly grouped into ‘non-
destructive’ and ‘destructive’ response.  These two categories are separated by the 
accumulation, or lack there of, of permanent displacements on the surface of the slope. 
This phenomenon is first and foremost a function of input loading.  Response to 
accelerations then leads to pore pressure generation and shearing within the profile.  
Shearing has the effect of altering dynamic response by base isolating material in the 
profile above a shear zone as well as reflecting energy downward into the profile below 
the zone.  Disparities in the distribution of dynamic response have the effect of 
generating equally diverse residual pore pressure following in each motion.  The 
following is a discussion of the factors contributing to and resulting from dynamic 
response in the centrifuge models. 
Acceleration response 
Acceleration response is marked by some level of amplification from base to crest.  
The magnitude of amplification is generally repeatable and affected only by large 
changes in geometry (> 5 m) or significant residual pore pressure at the start of shaking 
(ru > 0.20).  Amplification ratio varies from roughly 1.2 for moderately strong (~0.13 g) 
input shake to higher than 5.5 for relatively low (< 0.03 g) amplitude motions.  This 
amplification is generally independent of duration for non-destructive shaking (i.e. 
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amplification does not change significantly during the motion) and highly temporal (i.e. a 
single peak cycle) for very strong shakes.   
For destructive motions, amplification is typically observed within 1 s of the onset of 
shaking, after which amplification drops to a lower ‘steady-state’ magnitude.  Figure 4.24 
shows three select motions that span an input magnitude (0.03 to 0.13 g) representative of 
the transition between purely non-destructive and destructive.  It can be seen that 
amplification under low magnitude shaking (Motion02) is effected by 17 % over the 
duration.  This change is due to softening and proportional increases in damping that 
occur during cycling. For slightly stronger shaking (Motion02A) the amplification 
decreases 16 %, however these effects extend several meters deeper.  For strong motion 
(Motion03) amplification decreases 25 % after 5 s of strong shaking.  These marked 
changes in amplification for destructive motions coincide with the onset of permanent 
displacement. 
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Figure 4.24: Base to crest trends over time for non-destructive and destructive input 
motions. 
 
 
 
These trends in acceleration beneath the crest extend laterally throughout the model 
profile.  In general amplification is observed with both increasing height of the cross-
section and decreasing depth below the model surface (Figures 4.25, 4.26, and 4.27).  
Similarly, trends for acceleration time histories considering non-destructive and 
destructive motions apply.  No appreciable decreases in acceleration with time occur 
anywhere for Motion02 (Figure 4.25), while the extent of destructive type behavior is 
more apparent for the stronger Motion03 (Figures 4.26 and 4.27).
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Figure 4.25: Spatial distribution of acceleration (g) response in Motion02. 
 1
3
7
 
ACC1 ACC3
ACC6
ACC7 ACC8
ACC10 ACC11
ACC14 ACC16
-0.2
-0.1
0
0.1
0.2-0.2
-0.1
0
0.1
0.2
-0.2
-0.1
0
0.1
0.2-0.2
-0.1
0
0.1
0.2
-0.2
-0.1
0
0.1
0.2
-0.2
-0.1
0
0.1
0.2
-0.2
-0.1
0
0.1
0.2
-0.2
-0.1
0
0.1
0.2
-0.2
-0.1
0
0.1
0.2
  
Figure 4.26: Spatial distribution of acceleration (g) response in Motion02A. 
 1
3
8
 
ACC1 ACC3
ACC6
ACC7 ACC8
ACC10 ACC11
ACC14 ACC16
-0.2
-0.1
0
0.1
0.2-0.2
-0.1
0
0.1
0.2
-0.2
-0.1
0
0.1
0.2-0.2
-0.1
0
0.1
0.2
-0.2
-0.1
0
0.1
0.2
-0.2
-0.1
0
0.1
0.2
-0.2
-0.1
0
0.1
0.2
-0.2
-0.1
0
0.1
0.2
-0.2
-0.1
0
0.1
0.2
  
Figure 4.27: Spatial distribution of acceleration (g) response in Motion03. 
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The extent in both magnitude and depth to which destructive trends in acceleration 
occur serves as a proxy to the depth of sliding and/or shear zone thickness.  This zone 
deepens with increased base motion amplitude.  For Motion02A, acceleration time 
histories for ACC10, 11, 14 and 16 show decreases in acceleration after ~3 s (Figure 
4.26).  This trend is exhibited further down the slope face (ACC7) in Motion03.  In short, 
instruments that were within or above the shear zone during shaking exhibit this type of 
behavior.  This type of behavior was also observed in two-dimensional FLAC 
simulations (Figures 4.17 and 4.18). 
Pore pressure response 
Pore pressure generation is directly proportional to the accumulation of cyclic strains 
at a given location.  Oscillations in pore pressure are observed during all motions.  
However, the generation of residual excess pore pressure at the end of each motion is due 
to exceeding a material dependant cyclic strain limit for a given number of cycles.  The 
following discussion uses three select motions to demonstrate the effects of cyclic strain 
on the generation of pore pressure.  The method used for calculating cyclic strains was 
originally developed for downhole acceleration recordings at a site in Lotung, Taiwan 
(Elgamal, A.W. et al. (1995) and Zeghal M. et al. (1995)). 
The amount of residual excess pore pressure for three select motions is shown in 
Figure 4.8 while the respective time histories for core instrumentation are plotted in 
Figure 4.28.  In general, pore pressure generation is greatest in areas where cyclic strains 
in the model are largest (PPT9, 10, 15).  Other locations, despite experiencing larger 
linear strains (i.e. from sliding) produce significantly less residual pore pressure.  It is 
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these areas that experienced reduced cyclic strain via reduced accelerations (see 
discussion above).
 1
4
1
 
PPT4 PPT5
PPT9 PPT10
PPT14 PPT15
PPT18
0 4 8 12 16
Time (s)
0
1
2
3
4
5
0
1
2
3
4
5
0
1
2
3
4
5
0 4 8 12 16
Time (s)
0
1
2
3
4
5
0
1
2
3
4
5
Motion00--Sweep--0.11g
Motion02A--50cyc--0.07g
Motion03--30cyc--0.13g
0
1
2
3
4
5
0 4 8 12 16
Time (s)
0
1
2
3
4
5
Note: Pore pressure units in kilopascals
 
Figure 4.28: Pore pressure generation during three select motions. 
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Residual pore pressure as a function of cyclic strains is well documented (e.g. 
Matasovic and Vucetic, 1995, Pestana et al., 2000).  This is a function the magnitude of 
cyclic strain beyond on the cyclic strain limit and the number of cycles exceeding said 
limit.  The cyclic strain limit is a material dependant magnitude and is generally 
dependant upon plasticity and maximum past pressure.  For the kaolinite used in the 
centrifuge models, the cyclic strain limit was observed to typically be roughly 0.04 %, 
roughly half that documented for clays of similar plasticity and clay content. 
In order to quantify the cyclic strain limit and other parameters associated cyclic pore 
pressure generation, three select motions were used.  Localized strains at ACC8 and pore 
pressure at PPT9 were paired (Figure 3.5, 3.6, 3.8 and 3.9) and used to examine this 
coupled response.  Figure 4.29 shows how pore pressure generation is directly 
proportional to the magnitude and duration of cyclic straining.  Considering the rate of 
generation, Motion00 shows large increases in pore pressure for the beginning of the 
motion, when strains are the greatest, then tapers to nothing after about 6 s.  Conversely, 
Motions02A and 03 show highly uniform pore pressure generation coinciding with 
highly uniform strain levels. 
Pore pressure generation as a function of single cycles is displayed in Figure 4.30.  
Portions of the time histories that showed uniformity were used to construct the relation 
between average cyclic strain and number of cycles.  The very low amplitude Motion02 
was used to form the portion of the plot under which no residual pore pressure is 
generated.  Although 0.04 % is cited as the cyclic strain limit for this study, Figure 4.29 
shows that it is more likely slightly lower.  However, no data was available to achieve a 
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finer resolution.  Overall, for the range of cyclic strain experienced, trends observed in 
the centrifuge are the same as those observed by (Matasovic and Vucetic, 1995). 
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Figure 4.29: Pore pressure generation as a function of cyclic strains above the cyclic 
strain limit. 
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Figure 4.30: Effect of cyclic strain amplitude and number of cycles. 
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Trends in pore pressure generation correlate very well with published trends from 
element level laboratory studies.  However, the level of strain (> 0.5 %), the number of 
cycles (>100), and the frequency of loading (1 to 2 Hz) typical to these studies is not 
comparable to that which was observed in the centrifuge.  Furthermore, boundary 
conditions existing in this study and those by Matasovic and Vucetic (1995) and Pestana 
et al. (200) are not alike.  The cumulative effect of these conditions is likely the reason 
large magnitude pore pressure generation was not observed for any shake of realistic 
magnitude.  Nevertheless, the theory and mechanics of this process still apply. 
Somewhat limiting the ability to correlate cyclic strains with pore pressure generation 
include factors such as sparse distribution of instrumentation and low permeability (~ 
1.5x10-7 cm/s) of the model material.  Strain estimates were made with instruments a 
meter or more apart making highly localized strain estimates impossible.  Similarly the 
low permeability of the clay makes pore pressure estimates highly local to the instrument 
location (i.e. slow fluid migration under rapid loading).  This does not negate the trends 
and/or applicability of the mechanisms above, but nevertheless limits the spatial extent 
and resolution of observations made using these methods for this testing series. 
Pore pressure generation was greatest on in the lower half to one-third of the soil 
profile.  More specifically, while more intense input motions generated larger pore 
pressures when considering a single location, they did not generate larger residual pore 
pressures spatially.  In fact, larger motions generally had little to no impact of the pore 
pressure behavior in instruments nearer the model surface (Figure 4.8 and 4.28).  This 
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trend was due to the effects of slope failure (i.e. slipping) effectively base isolating the 
upper portion of the soil profile.   
The effects of non-destructive and destructive motions on base isolation are readily 
apparent in Figure 4.31.  This figure shows the Arias intensity observed throughout the 
profile for Motions01, 02 and 05 in Model 2b.  The first two of these motions show 
amplification along the soil profile, but more importantly, no effects of base isolation 
since there is no permanent displacement (i.e. development of a shear zone).  On the 
other hand, Motion 05 initiates large permanent displacements (~ 68 cm) at roughly 0.5 s 
after the start of shaking.  In this case shearing occurs over the entire duration of the 
motion and consequently prevents the transmission of energy into the upper half of the 
soil profile.
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Figure 4.31: Spatial distribution of Arias intensity for purely non-destructive and destructive motions.
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Dynamic response in stronger motions, such as Motion03, experienced considerably 
less accelerations and consequently less cyclic straining.  Pore pressure response for these 
motions was suppressed for the same reasons acceleration response was.  Therefore, 
while destructive motions cause permanent deformations, it is this shearing that prevents 
energy and subsequent cycle straining from generating pore pressure in the slide mass 
and shear zone. 
Displacement response 
Displacement response is a function of plastic strains that occur following the 
exceedance of the slope’s yield acceleration and/or cyclic softening and failure within a 
shear zone.  This is initiated typically in the first few seconds of full amplitude during 
destructive motions (Figure 4.32).  This time to initiation is generally shortened by 
increased amplitude of input shaking.  Initiation of slip is coincident with a cyclic 
softening (i.e. modulus reduction) at depth (Figure 4.32).  As failure initiates the newly 
mobilized slip plane acts to reflect a proportion of the upward propagating energy back 
down into the profile.   
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Figure 4.32: Dynamic and displacement response at the surface vs. stress-strain response 
at depth 
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The sequence of softening of soil and onset of displacement is also reflected in 
energy observed in-situ.  Figure 4.33 shows the accumulated energy at accelerometers 
along the vertical array for one non-destructive and destructive motion.  In this figure 
amplification along the array can be seen for both motions.  However, when permanent 
displacement initiates (i.e. Motion 03), the amount of energy reaching upper portions of 
the profile is restricted.  The change in trajectory of energy delivered (Figure 4.33) is 
indicative of the initiation of slip (ACC14) and the downward propagation of a shear 
zone (ACC11).  Subtle and consistent changes in rate of energy delivery, such as that 
observed at ACC14 in Motion02, is the result of material softening over the duration of 
the motion. 
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Figure 4.33: Husid plots for vertical array of accelerometers.  
 
Continued reflection of subsequent waves aids the development of a shear zone.  This 
zone thickens as upward propagating energy combines with reflected energy over time.  
This raised state of energy due to the shear zone generates heightened cyclic softening as 
well as elevated destabilizing forces in material below the shear zone.  This thickening 
continues until a depth (> 4 m) at which combined energy of both waves does not exceed 
disproportionately higher resisting forces.   
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The time to develop this zone can be approximated by tracking the acceleration 
response at the crest of the model.  As shown in Figure 4.33, accelerations in the lower 
half of the profile are wholly dependant of the amplitude of base input.  However, 
response in the upper half is motion dependant only in the first second, after which the 
development of a shear zone begins to govern acceleration response.  After the shear 
zone develops the acceleration response for these two unique motions is nearly identical 
(Figure 4.34).  This transition from unique to steady-state coincides roughly with the 
initiation of displacement to near uniform displacement rate (Figures 4.32, 4.33 and 
4.34).  For Motion02A this occurs from roughly 3 to 6 s and from 1.2 to 2.2 s in 
Motion03.  For severe input motions such as Motion05 (base PGA ~ 0.44g), 
displacements are initiated immediately. 
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Figure 4.34: Comparison of base to crest response for two destructive motions. 
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Summary of Dynamic Response 
Dynamic response in clay models can be divided into two general categories; (i.) non-
destructive and (ii.) destructive.  The first of these is marked by no permanent 
displacement, no appreciable generation of pore pressure and, acceleration response that 
is uniform throughout the duration of a motion.  The latter is marked by permanent 
displacements, pore pressure generation in zones deeper than the shear zone, and 
acceleration response that initially peaks, then decays to a uniform but lesser magnitude 
for the remainder of the motion. The dividing line between these two types of behavior is 
approximately 0.06 to 0.08 g peak ground acceleration for a given input motion. 
 Dynamic response for destructive motions is a dominated by the coupled response 
between acceleration (i.e. cyclic strain) and displacement response.  Pore pressure 
response, although a direct result of both of these, demonstrates little (i.e. damping) or no 
influence of subsequent dynamic response. Initial cycling results in amplification and 
build-up of acceleration response in the upper half of the profile.  Excitation softens this 
zone, via modulus reduction, and generally exceeds the yield acceleration initiating 
displacements in the first few full amplitude cycles.  The development of a shear zone has 
the dual effect of preventing transmission of subsequent cycles to the upper portion of the 
profile, and reflecting energy downward.  This reflection has the benefit of creating a 
base isolation that suppressed pore pressure generation above, but encouraged subsequent 
failure in the zones below, effectively thickening the shear zone.   
The damping effects of this shear zone are both repeatable and predictable when fully 
developed.  The rapidity at which this shear zone develops appears to be directly 
proportional to the input motion magnitude.  For moderately strong destructive motions 
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such as Motion02A the development of the shear zone occurs over 6 to 8s, while the 
stronger Motion03 shear zone developed over 4 s after the initial peak in crest 
acceleration.  Similarly, Motion05 developed a shear zone within 1 s of the initial peak 
crest acceleration.  Although abnormally high in magnitude (base PGA ~ 0.44g), this may 
suggest that there comes a point where cyclic stress so far exceeds soil strength that only 
a thin highly localized shear zone can develop 
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CHAPTER 5: POST-SHAKING VISCOUS SLIDING 
5.1 Introduction 
A variety of input motions were applied to each centrifuge model that generated a 
range of post-shaking pore pressure conditions.  These conditions, which vary spatially, 
result in static stability following each shake that is time dependant.  Under certain 
conditions persistent viscous sliding due to reductions in effective stress from 
dynamically generated pore pressures was observed.  This potential for continued long-
term shearing represents a risk of failure under conditions that are related to soil 
permeability, effective strength and geometry. 
This chapter begins with a description of the model material and drainage boundary 
conditions and the motivations for their use.  The chapter focuses on four select motions 
applied in production Model 2b and two motions applied in production Model 3b to 
identify the typical behavior of pore pressure dissipation.  These motions produced the 
best data for comparisons on similar slope geometry (i.e. Model 2b) and a slope with 
restricted drainage (i.e. Model 3b).  Criteria for selecting these motions are detailed in 
Chapter 3.4). Each model shake program is then used to understand the impact of 
material and geometry on this viscous phenomenon.  Conclusions on post seismic 
response drawn from observations and numerical modeling are contained in this chapter.  
Mechanisms related to dynamic response and subsequent effects on pore pressure 
generation are contained in the preceding chapter. 
Motivation for tracking pore pressure (long-term) 
As discussed in Chapter 1, multiple field case studies have documented the initial, 
reactivation, and/or persistent long-term sliding that follows earthquake shaking.  This 
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project examined the role of pore pressure distribution resulting from earthquake shaking 
as a mechanism driving such long-term instabilities.  Therefore, pore pressure data in 
centrifuge models was acquired until residual pore pressures were observed to dissipate 
or, in the case of Model 3b, approach pre-shake pore pressure magnitudes.  Depending on 
the input motion, this data extends anywhere from 1.1 to 2.5 days after the end of 
shaking.  This data was used to understand the role of excess pore pressure and the 
instabilities induced as the slope approaches hydrostatic conditions with time under 
multiple material and drainage boundary conditions. 
This chapter focuses on the relationship between slow-moving and persistent long-
term displacements rates (i.e. velocity) and the rate of residual pore pressure dissipation.  
This chapter examines the coupled interaction between these two responses under two 
basic material/geometry conditions; (i.) kaolinite only models and (ii.) models capped 
with a bentonite-kaolinite blended material.  These two models also possessed different 
drainage boundary conditions (see Chapter 3).  In short, the differences between these 
two models allowed for comparison of displacement behavior under two different 
drainage regimes and resultant times, for relatively equivalent pore pressure regimes. 
Model state at the time of input loading included both drained and partially drained 
conditions.  This approach provided dynamic and long-term model response under static 
and quasi-static conditions.  The latter of these two was executed as an analogy to field 
conditions experienced during short-term aftershocks, rapid deposition on submarine 
slopes, or other over-pressured environments.  A summary of testing program input 
motions and the conditions existing prior to shaking are contained in Table 5.1. 
 1
5
8
 
Table 5.1: Summary of input motions and initial conditions. 
Model Input Motion Material Conditions Drainage Conditions 
Motion01-2to6HzSweep 
Motion02-2to6HzSweep 
Motion03-2to6HzSweep 
Motion04-4Hz10Cycles 
Motion05-2Hz10Cycles 
Motion06-4Hz15Cycles 
Motion07-4Hz20Cycles 
Motion08-4Hz10Cycles 
Motion09-4Hz10Cycles 
1 
Motion10-4Hz10Cycles 
1. Kaolinite  
2. OCR ~ 2 to 4 along the 
lower half of the slope face 
 
1. Double drainage 
2. All motions applied in drained condition 
Motion00-2to6HzSweep 
Motion01-2to6HzSweep 
Motion02-4Hz50Cycles 
Motion02A-4Hz50Cycles 
Motion03-4Hz30Cycles 
Motion04-2to6HzSweep 
Motion05-4Hz30Cycles 
Drained 
Motion06-4Hz30Cycles 
2 
Motion07-2to6HzSweep 
1. Kaolinite  
2. Normally consolidated 
 
1. Single drainage 
2. High permeability zone 
(geotextile) along lower 
boundary. 
Partially drained 
(overpressured) 
Motion01-2to6to2HzSweep 
Motion02-4Hz30Cycles 3 
Motion03-2to6to2HzSweep 
1. Kaolinite with 
Bentonite/Kaolinite blend cap. 
2. Deformed geometry 
1. Single drainage. 
2. All motions applied in varied overpressured 
environment. 
Notes: 
1. Motion nomenclature indicates sequence, frequency content and number of cycles at full amplitude, where relevant. 
2. Detailed descriptions of material and drainage conditions for each model are contained in Chapter 3. 
3. Shake characteristics such as amplitude, intensity, etc. are contained in Table 4.1.
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Pore-pressure generation 
Pore pressure generation is a function of cyclic strains in excess of a cyclic strain 
limit experience during the motion.  Generally speaking, larger amplitude input motions 
were observed to produce appreciably larger residual pore pressures in the lower one-half 
to one-third of the model profile.  Spatial distributed post-shaking excess pore pressures 
generally followed this global trend but were ultimately unique to each motion.  A 
detailed description of the mechanisms of dynamic pore pressure generation and its 
application to centrifuge data are presented in Chapter 4. 
Displacement response (long-term) 
Accumulated horizontal displacements in Model 2b were significantly less than those 
observed in Model 3b.  Figure 5.1 shows horizontal displacements for the each entire 
shake program.  In Model 2b, displacements that occur as a result of inertial shaking 
account for roughly 90 % of total displacements.  Considering Model 3b, inertial shaking 
induced approximately 40 % of total displacements.  This marked difference is a direct 
result of higher excess pore pressures in the model profile, and more importantly, much 
longer times to dissipate these pressures.
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Figure 5.1: Accumulated total and post-seismic horizontal displacements in Models 2b and 3b.
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Trends in long-term slope failures 
All centrifuge models exhibited some magnitude of persistent slow-moving sliding in 
the period following shaking.  This phenomenon is a direct result of excess pore 
pressures generated during shaking, and diminishes with time proportionally to excess 
pore pressures local to the slip plane.  These movements were a viscous type movement 
which occurred when material at shallower depths (< 2 m) of the model profile 
experienced periods of reduced effective stress.  This produced factors of safety typically 
in the range of 0.96 to 0.99.  No rapid development of displacements was observed.  A 
summary of displacements occurring after each shake in the testing series is contained in 
Table 5.2. 
 1
6
2
 
Table 5.2: Summary of post shaking displacement response. 
Displacement 
(cm) 
Avg. Velocity 
(cm/day ) Model Input Motion 
Vert. Horz. 
Elapsed
Time 
(hrs) Vert. Horz. 
Motion01-2to6HzSweep 0.463 0.05 7.7 1.44 0.16 
Motion02-2to6HzSweep 0.728 0.13 13.3 1.31 0.23 
Motion03-2to6HzSweep 0.497 0.05 9.6 1.24 0.13 
Motion04-4Hz10Cycles 0.407 0.01 9.8 1.00 0.02 
Motion05-2Hz10Cycles 0.983 0.08 16.5 1.43 0.12 
Motion06-4Hz15Cycles 0.228 0.01 5.4 1.01 0.04 
Motion07-4Hz20Cycles 0.250 0.09 5.5 1.09 0.39 
Motion08-4Hz10Cycles 0.539 0.15 12.5 1.03 0.29 
Motion09-4Hz10Cycles 0.890 0.48 18.3 1.17 0.63 
1 
Motion10-4Hz10Cycles 1.51 0.93 23.5 1.54 0.95 
Motion00-2to6HzSweep 3.21 5.34 27.2 2.83 4.71 
Motion01-2to6HzSweep 0.087 0.152 3.4 0.61 1.07 
Motion02-4Hz50Cycles 0.232 0.075 13.3 0.42 0.14 
Motion02A-4Hz50Cycles 0.428 0.487 25.6 0.40 0.46 
Motion03-4Hz30Cycles 0.395 0.549 25.6 0.37 0.51 
Motion04-2to6HzSweep 0.357 0.350 25.7 0.33 0.33 
Motion05-4Hz30Cycles 0.622 3.785 55.3 0.27 1.64 
Motion06-4Hz30Cycles 0.047 0.361 24.7 0.05 0.35 
2 
Motion07-2to6HzSweep 0.024 0.089 6.9 0.08 0.31 
Motion01-2to6to2HzSweep 1.37 27.6 56.5 0.58 11.72 
Motion02-4Hz30Cycles 0.409 19.6 56.0 0.18 8.40 3 
Motion03-2to6to2HzSweep 0.586 24.9 19.8 0.71 30.18 
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This chapter ultimately describes this long-term behavior in the context of a power 
law viscous model.  This model was calibrated with centrifuge data and shown to have 
predictive capability under similar conditions to those in the model.  That is, viscous 
model calibrations from the behavior after a single motion, proved typically capable of 
predicting post-shaking model response following other motions.  This predictive 
capability existed until major changes in model geometry occurred.  Similarly, viscous 
model parameters developed under Model 2b drainage boundaries could not predict long-
term behavior after motions in Model 3b. 
5.2 Physical modeling results 
Pore pressure dissipation and displacement following each shake in the testing 
programs varies depending on (i.) the magnitude of pore pressure in the model profile at 
the end of the shake (ii.) the spatial distribution of said pore pressure and (iii.) physical 
changes in the model resulting from previous shakes.  Trends between models 
demonstrate that drainage boundary conditions determine the length (in time) and 
magnitude of displacements observed.  From Table 5.2, average horizontal displacement 
rates increase an order of magnitude from Model 1 to 2 (~ 0.3 to 1.1 cm/day) and another 
order of magnitude from Model 2 to 3 (~ 1.1 to 16.8 cm/day).  In short, retention of 
excess pore pressures is a direct cause of persistent displacements. 
Direct comparisons of displacement and pore pressure dissipation from motion to 
motion were difficult to achieve due to non-uniform input motions and physical/hydraulic 
conditions at the start of each motion.  However, six motions (four from Model 2b and 
two from Model 3b) were selected to identify differences in post-seismic model response 
for differing (i.) material boundary conditions (ii.) drainage conditions (iii.) hydraulic 
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conditions and (iv.) pre- and post-failure conditions.  Motions from Model 1b were not 
included due to the ~ 50 % failure rate of pore pressure transducers (see Chapter 3).  
Table 5.3 provides a summary of motivations for choosing motions based upon their 
unique contribution to the program and comparative similarities.  All motions exhibited 
destructive dynamic response as defined in Chapter 4. 
 
Table 5.3: Individual merit and comparative relations of select motions. 
Model Motion Unique Value Connectivity 
Motion02A-
4Hz50Cycles 
1. Long duration 1. Same frequency 
but lesser magnitude 
than Motion03 
Motion03-4Hz30Cycles 
1. Strong amplitude 
2. Drained 
conditions 
1. Same motion as 
Motion03 applied 
prior to significant 
displacement 
Motion04-2to6HzSweep
1. Diverse 
frequency 
2. Strong amplitude 
1. Same peak 
amplitude as 
Motion03 
2 
Motion06-4Hz15Cycles 
1. Strong amplitude 
2. Overpressured 
conditions 
1. Same motion as 
Motion06 applied 
after significant 
displacement 
Motion01-
2to6to2HzSweep 
1. Diverse 
frequency (cycled 
sweep) 
1. Weak vs. Strong 
motion of Motion02 
3 
Motion02-4Hz30Cycles 1. Strong amplitude 1. Same motion as Motion03 
 
 
Characteristics of motions selected for post shake comparisons are plotted in Figure 
5.2.  These motions provide a variety of input amplitude (~ 0.05 to 0.13 g), frequency (~ 
2 to 6 Hz) and duration (~ 9 to 23 s) on two unique geometries (intact kaolinite only vs. 
deformed bentonite capped).  Consequently each produced a unique pore pressure 
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amplitude and spatial distribution providing a basis for relative comparisons on the same 
(motion to motion) and different (model to model) boundary conditions.  
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Figure 5.2: Input motion acceleration time histories for select motions. 
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Pore pressure response 
Residual pore pressure generated by the input motions drains from high to low 
potential.  This trend includes the obvious from deeper to shallower areas (i.e. elevation 
head) of the model profile, but also laterally.  Three instruments from below the mid-
slope portion of the model are plotted in Figure 5.3 for all select motions.  Spatial 
distribution of pore pressure generation for all transducers following each shake can be 
found in Chapter 4 and Appendix C.  Dissipation time histories for all instrumentation 
can be found in Appendix D. 
Trends in the direction of excess pore pressure flow can be inferred from phase 
differences in time histories in Figure 5.2.  For both models, time to peak pore pressure 
serves as an indicator of the arrival of a pore pressure pulse.  For Model 2b, this peak is 
observed first in PPT9, and then later in PPT8 and PPT14.  This indicates that drainage 
occurs anisotropically with some vertical and horizontal component.  In Model 3b, the 
peak is first observed in PPT8 then later in PPT9 and PPT14.  This behavior indicates 
two things: (i.) that pore pressure moves along the bentonite/kaolinite cap material rather 
than through the cap and (ii.) pore pressure generated at location PPT8 masks a lower 
magnitude pulse later in the time history. 
Considerable differences in drainage time exist between models.  Model 2b, which 
was constructed of kaolinite only, dissipated in 1 to 1.2 days, whereas the capped Model 
3b was not observed to completely dissipate pore pressures in the lower half the profile 
after ~ 2.5 days.  The impacts of the bentonite/kaolinite cap and no lateral pore pressure 
migration along the bottom boundary are roughly one order of magnitude, when 
considering the rate of dissipation. 
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Figure 5.3: Pore pressure dissipation beneath slope face. 
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Differences in dissipation time arose during the Model 2b shaking program from the 
emergence of a preferred drainage path.  For Motions 02A through 04, dissipation time is 
roughly proportional to the magnitude of observed pore pressure.  However, for the 
period following Motion 06, time to dissipation is roughly one half that of Motion 03 
(Figure 5.3).  These two motions are identical with similar pore pressure distribution at 
the end of shaking.  However, Motion 06 was applied on a model with a pre-existing slip 
surface.  In appears from Figure 5.3, that this slip surface also provided a preferential 
drainage path in the general area of PPT8 and PPT14 (i.e. roughly 2 m below the slope 
surface).  It is unclear whether this preferred drainage was a result of multiple fissures in 
the surface of the model or the tension crack and expression at the toe of a more coherent 
slide mass. 
No significant differences between motions in Model 3b were observed.  The visual 
record indicated multiple tension cracks throughout the surface during all motions in 
Model 3b. These cracks were a result of the spin-up failure (see Chapter 3) and more than 
60 cm of permanent displacements (inertial and post-seismic) in the first two motions.  
Nevertheless, no evidence in pore pressure dissipation patterns (Figure 5.3) exists to 
suggest that the bentonite/kaolinite cap was compromised hydraulically between input 
motions. 
As previously mentioned displacement rates are roughly an order of magnitude 
higher in Model 3b than 2b.  This resulted in displacements that were roughly two orders 
of magnitude larger in the first day following shaking (Figure 5.4).  Patterns in rate of 
displacement (i.e. velocity) are inversely proportional to pore pressure dissipation at 
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depths approximately 1.5 to 4 m below the slope surface (i.e. PPT8 and PPT14, Figure 
5.3). 
For both models, displacement trends between the upper and lower half of the slope 
face are generally the same (Figure 5.4).  These behaviors are marked by typically double 
the displacement rates in the lower half profile compared to the upper half.  Velocities in 
the lower half then reduce in magnitude to about the same as the upper half by roughly 
400 and 1000 minutes after shaking in Models 2b and 3b, respectively.  This behavior 
suggests that in the initial day following shaking, different regions of the slope exhibit 
different states of failure, or progressive failure. 
The slide mass, in both models, exhibits distinct “stick-slip” type behavior at 
instrumentation locations.  This type of behavior occurred in the upper half of the slope 
(Figure 5.4) in both models and in lower half of Model 2b.  Stick-slip events in both 
models decrease in frequency with time (i.e. pore-pressure dissipation).  This trend in 
Model 2b was generally too subtle to distinguish fine estimates of timing between stick-
slip events.  However, focusing on Model 3b, stick-slip events are generally spaced 300 
to 400 minutes apart in the first 3 hours after shaking 700 to 800 minutes apart after 1 day 
(Figure 5.4).   
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Figure 5.4: Long-term displacement response for select motions. 
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A visual record of models during and following input motions was acquired.  In most 
cases processing of the visual record was impossible due to resolution (i.e. Model 2b) or 
limited to ~ 580 minutes by camera memory (i.e. Model 3 – Motion02).  One exception is 
Motion 01 in Model 3b to which a visual record through the entire time history was 
available.  Spatial distributed post-seismic displacements for this motion were observed 
to vary from < 1 cm behind the crest of the model to as much as 37 cm in the mid-slope 
area of the slope.  The distribution of accumulated horizontal displacements following 
Motion01 are shown in Figure 5.5.  The largest displacements for this motion were 
observed to occur in the mid-slope portion of the model. 
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Figure 5.5: Delayed displacements accumulated following Motion01 in Model 3b. 
 
Displacement time histories from points tracked through the visual record were 
observed to confirm data acquired through LVDTs.  Figure 5.6 shows the range of 
displacement and respective velocity of all tracked points and the two horizontal LVDTs.  
These time histories were smoothed using a windowed arithmetic Savitsky-Golay filter to 
remove signal noise from refraction through surface waves and the image tracking 
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process.  Unfiltered traces, which confirm stick-slip events in multiple locations, are 
contained in Appendix D.  Time histories were color coded according to their respective 
velocity behavior in the initial 500 minutes after the end of shaking.  Four distinct 
behaviors were visually identified.  Surface monuments corresponding to these behaviors 
are grouped in plan view in Figure 5.7.  
These distinct behaviors suggest that immediately after Motion01, surface 
movements are spatially dependant.  These zones then come into a steady-state velocity 
roughly 1 day after shaking ends.  Independent velocities in the initial stages are likely 
either a result of highly localized excess pore pressures and/or non-uniform stress 
distributions across the model surface induced by tension cracks.  Either of these 
conditions would produce non-uniform ratio of driving stresses to subsurface effective 
strength. 
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Figure 5.6: Smoothed displacement and velocity time histories for all surface 
displacement data after Motion01. 
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Figure 5.7: Tracking points grouped by velocity behavior immediately following 
Motion01. 
 
 
5.3 Numerical Analysis 
Numerical analyses were performed to verify the pore pressure drainage and 
displacement response in Models 2b and 3b.  Two dimensional FLAC models were used 
to capture pore pressure dissipation patterns following select motions.  These simulations 
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modeled fluid flow only and did not include mechanical (i.e. volumetric and axial strains) 
changes occurring within the soil.  Displacement response and its relation to subsurface 
excess pore pressure was modeled in MATLAB by implementing a power law viscous 
model.  Model parameters were calibrated using a single motion or sequence of motions 
to then predict displacement response in other motions. 
Pore pressure dissipation 
Simulations of pore pressure dissipation were conducted using FLAC.  Material was 
modeled as having isotropic hydraulic conductivity of 1.8 x 10-7 and 1.8 x 10-8 cm/s for 
kaolinite and bentonite/kaolinite cap material, respectively.  Boundary conditions for 
simulations of Models 2b and 3b included constant pressure and zero flow boundaries 
consistent with those experienced in the centrifuge (Figure 5.8).  Differences between 
internal conditions included geometry, material interface and the extent of the high 
permeability zone (see Chapter 3).  Figure 5.8 shows the extent of this zone for Model 
3b; however, this zone extends the entire lower boundary for Model 2b simulations.  The 
high permeability zone exists above a zero flow boundary and therefore does not allow 
fluid to exit the model.  Rather this zone incorporates preferential lateral flow provided 
by the geotextile (see Chapter 3). 
Simulations used excess pore pressures following select motions.  These pressures, 
taken from pore pressure transducers, were then used to linearly interpolate pore 
pressures at each grid point in the FLAC mesh.  To accommodate grid points outside the 
instrumentation array, pressure at the model surface was assumed hydrostatic and lateral 
boundaries assumed to be at a pressure equivalent to the nearest transducer at the same 
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depth below the water surface.  Simulations were then solved until all pressures returned 
to the hydrostatic condition. 
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Figure 5.8: Model hydraulic boundary conditions for FLAC simulations. 
 
 
 
Two dimensional simulations conducted with FLAC generally did not match 
magnitudes observed in the centrifuge.  Matching of trends in dissipation patterns (i.e. 
sequence and path of flow) showed variable success.  Observed and simulated pore 
pressure dissipation beneath the crest of the models is plotted in Figures 5.9, 5.10 and 
5.11.  Pore pressure response at instrumentation locations, observed and simulated, can 
be found in Appendix D. 
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Figure 5.9: Pore pressure dissipation beneath the crest for Motions02A and 03 in Model 
2b. 
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Figure 5.10: Pore pressure dissipation beneath the crest for Motions04 and 06 in Model 
2b. 
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Figure 5.11: Pore pressure dissipation beneath the crest for Motions01 and 02 in Model 
3b. 
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Each of the select motions, and simulations thereof, showed evidence of pore 
pressure migration from areas roughly 7 m below the crest to roughly 4 m over the course 
of the drainage period.  Focusing on Motion03 in Figure 5.9, pressures at 7 m are at their 
peak in the first 10 minutes after shaking.  Some portion of this pressure then migrated 
upward to cause a peak at approximately 100 minutes at 4 m depth.  This trend was 
reflected in the simulation at roughly 3 m for Motion03 (Figure 5.9).  One key difference 
between observations and simulations was drainage along the bottom boundary.  
Simulations took consistently longer to dissipated equivalent pore pressures at the base 
on the model (Figures 5.9 and 5.10).  This suggests that drainage possibly occurred along 
a preferred path (e.g. crack, soil/container interface, etc.) in the centrifuge.  
Differences between Model 2b and Model 3b are in the time to drain excess pore 
pressures.  Simulations of Model 3b were observed to take roughly 1 week prototype to 
dissipate all excess pore pressures.  Similarly, simulations did not dissipate pore pressures 
to the level observed in the centrifuge even after triple the time (Figure 5.11).  This 
suggests that the cap was hydraulically compromised during the spin-up failure.  
However, whatever this effect, it remained consistent through Motion01 and Motion02. 
Numerous attempts were made to better match results from numerical simulations to 
those observed in the centrifuge.  Despite attempts to fine tune boundary and material 
properties, all simulations were limited by (i.) unknown hydraulic boundary conditions 
and (ii.) unknown initial conditions.  The former of these was previous mentioned and 
refers to the amount and impact of preferential drainage paths that were unknown through 
model instrumentation or visual inspection.  The latter highlights the resolution of the 
instrumentation array.  It is absolutely possible that localized peaks in pore pressure 
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existed in locations not directly adjacent to a pore pressure transducer.  This would result 
in initial conditions, and subsequent simulation results, that do not include the cumulative 
effect such a localized peak.  Considering both of these issues, numerical simulation 
results presented represent the highest quality material, boundary and excess pore 
pressure conditions available. 
Viscous displacement response 
Displacement response is a function of elevated pore pressure within a shear zone at 
depth.  Pore pressures in this zone temporarily lower effective stress states to produce 
factors of safety that are marginally less than one (i.e. FOS ~ 0.95 to 0.99).  Resisting 
forces that remain in the shear zone are those that are a function of soil viscosity.  In 
short, effective shear strength resists the initiation of sliding, while viscous forces provide 
resistance against rapid flow like failures.  In these types of conditions, slow-moving (~ 
centimeters per day) sliding can persist until the factor of safety rises to a value greater 
than one.  This behavior is only likely in slopes that have driving forces that slightly 
exceed resisting forces.  For cases where factors of safety are 0.9 or less, much more 
rapid failure is likely. 
Strength of centrifuge models was susceptible to strain rate effects.  Kutter (1994) 
and Randolph et al. (2005) showed that kaolin clay exhibited a 5 to 15 % in undrained 
shear strength for every log cycle increase in strain rate for cone penetration testing.  
Although this scaling effect comparisons between dynamic and post-seismic shear 
strength, strain rates in the post-seismic period were typically within the same order of 
magnitude.  Similarly, g-level has been shown to have no effect on undrained shear 
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strength (Corte’ et al. 1991) allowing for shear strength measurements (i.e. triaxial, vane 
shear) to be representative of centrifuge model properties. 
Leroueil et al. (1996) implemented a power law variation of the Bingham type model 
for rate of viscous shearing.  This model described the velocity of slide as a function of 
excess driving forces.  This simple relationship, which recognizes the shear rate 
dependant viscosity (i.e. non-Newtonian), is written as follows: 
b
o
Av
−
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−= ττ
τ
 
where; 
v = velocity of slide mass (time dependant) 
A, b = material parameters calibrated by back analysis 
τ = driving shear stress 
τo = resisting shear stress 
 
This form of the power law relationship is indifferent to preceding movements.  That 
is to say that momentum of a slide mass is interpreted as having no effect on subsequent 
displacements and velocities.  Corominas et al. (2005) recognized the necessity to 
incorporate slide momentum into the power law relationship to correlate periods of 
increased slide velocity in the field, following periods during and following intensified 
rainfall.  Assuming infinite slope conditions, the power law viscous model takes on the 
form: 
1
)(cossin]'tan)(cos'[cossin 2 b
A
lmapcl w
νααγφαααγ +=−+−  
where; 
γ = soil total unit weight 
l = depth of slide mass 
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α = inclination of slip surface 
c’ = effective cohesion 
pw = pore pressure (time dependant) 
φ’ = effective friction angle 
m = mass of slide mass per unit length 
a = acceleration of slide mass (time dependant) 
 
This model was applied to centrifuge data using pore pressure time histories at 
location PPT14 and displacement data from the surface LVDTs.  The depth of the mid-
point of the shear zone was assumed to be 1.6 m below the ground surface.  This 
corresponded to the approximate depth of the static slip surface for Model 2b and the 
cap/core material interface in Model 3b (Figure 3.4).  Soil strength was fixed at 31 
degrees of friction and 1.4 kPa cohesion.  Inclination of the failure plane was 30 degrees 
for both models.  Components of other viscosity type models such as soil viscosity and 
shear band thickness are accounted for in aggregate by the power law coefficients.  
Calibration coefficients were back calculated from centrifuge data using a least 
squares criteria.  The extent of data used during model calibration included single 
motions, a sequence of motions and entire model shake programs.  Each of these 
scenarios produced different power law coefficients (Table 5.4).  The relative accuracy of 
the viscous model to be fitted to data was much better in Model 3b than Model 2b.  This 
difference can be most likely attributed to the infinite slope like conditions produced by 
the cap/core material interface.  By contrast, shearing in Model 2b was likely more of the 
rotational or wedge (i.e. non-uniform thickness) type sliding. 
 
Table 5.4: Power law coefficients and root mean squared for all scenarios 
Model Motion b A R2 
Motion01-2to6HzSweep* 33.3 1.16E+44 0.664 2 
Motion02-4Hz50Cycles 0.69 3.27E-06 0.233 
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Model Motion b A R2 
Motion02A-4Hz50Cycles 1.50 9.89E-05 0.772 
Motion03-4Hz30Cycles 1.19 7.88E-05 0.690 
Motion04-2to6HzSweep 0.73 3.12E-05 0.453 
Motion05-4Hz30Cycles 5.28 4.44E-02 0.848 
Motion06-4Hz30Cycles 2.10 3.07E-04 0.680 
Motion07-2to6HzSweep* 9.06 2.57E+04 0.623 
All Motions 2.15 1.50E-03 0.701 
Motion02 to 04 1.61 8.09E-05 0.779 
Motion02A to 04 2.23 1.00E-03 0.813 
Motion02 to 02A 2.05 9.47E-04 0.778 
Motion03 to 04 1.30 6.35E-05 0.698 
Motion01-2to6to2HzSweep 3.37 1.20E-03 0.995 
Motion02-4Hz30Cycles 1.53 4.29E-04 0.974 
Motion03-2to6to2HzSweep 3.28 7.00E-03 0.998 
All Motions 1.64 1.94E-04 0.891 
3 
Motion01 to 02 1.82 4.33E-04 0.971 
*Motions produced very little excess pore pressure resulting in comparatively much larger magnitude 
coefficients 
 
 
 
The practical value of the power law model in centrifuge data is ultimately in its 
ability to be calibrated on a single motion, or sequence of motions, and predict 
displacement response after other motions.  Results for two scenarios in Model 2b, 
Motion03 and Motion02A to Motion04 are plotted in Figures 5.12 and 5.13.  Predictions 
for all calibrated scenarios are contained in Appendix D.  Model coefficients developed 
using Motion03 match observed velocities (Figure 5.12) and accumulated displacements 
over the entire model program (Figure 5.13) rather well.  Model coefficients developed 
using the sequence of Motion02A to Motion04 generally predict velocities well and 
under predict cumulative displacements.  Parameters from this sequence tended to match 
single motions more regularly than Motion03 parameters.  In general, Motion03 
parameters performed better across the entire program and but not very well on one 
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specific motion, while sequence parameters managed to accurately predict response on 
several motions (e.g. Motion 02, 02A, 04 and 06) at the cost of large errors in other 
motions. 
The accuracy of displacement predictions based on “goodness of fit” is shown in 
Table 5.5.  These comparisons show the root mean squared error (RMSE) between 
observed and predicted displacement in each motion.  Highlighted cells designate the best 
prediction by this criterion, for each motion.  Calibration scenarios are then ranked by the 
summation of at RMSE from least to most.  The sequence, Motion03 to Motion04, 
ranked as best while the calibration scenario using the entire program ranked worst.  This 
outcome was reasonable considering Motion03 and 04 represent strong motion 
generating this phenomenon while the use of all motions included extreme events such as 
Motions 01, 05 and 07.  Therefore, a calibration across two different motions with two 
different pore pressure responses, but resulting in the same viscous phenomenon, 
provided a slighter larger range of data than any one representative motion alone.
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Figure 5.12: Measured and predicted values for power law viscous model in Model 2b. 
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Figure 5.13: Measured and predicted displacement response for power law viscous model in Model 2b. 
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Table 5.5:  Goodness of fit for displacement predictions made by all calibration scenarios in Model 2b. 
  Motion(s) Used for Viscous Power Law Model Parameters 
  Motion02 Motion02A Motion03 Motion04 Motion05 Motion06 
Motion01 0.010 0.010 0.006 0.007 0.014 0.012 
Motion02 0.017 0.041 0.072 0.102 0.009 0.027 
Motion02A 0.137 0.027 0.077 0.112 0.140 0.044 
Motion03 0.227 0.089 0.058 0.081 0.216 0.103 
Motion04 0.054 0.087 0.182 0.205 0.037 0.071 
Motion05 2.426 1.588 1.348 1.567 1.022 1.364 
Motion06 0.135 0.129 0.248 0.223 0.023 0.137 
M
e
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e
d
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Motion07 0.023 0.047 0.070 0.083 0.017 0.037 
Σ RMSE (cm) = 3.03 2.02 2.06 2.38 1.48 1.80 
 Rank = 9 4 5 7 2 3 
        
  Motion(s) Used for Viscous Power Law Model Parameters   
  All Motions Motion02A to Motion04 
Motion02 to 
Motion04 
Motion02 to 
Motion2A 
Motion03 to 
Motion04  
Motion01 0.007 0.012 0.010 0.008 0.009  
Motion02 0.096 0.027 0.057 0.081 0.045  
Motion02A 0.381 0.074 0.163 0.270 0.029  
Motion03 0.448 0.147 0.173 0.302 0.093  
Motion04 0.602 0.026 0.332 0.456 0.084  
Motion05 3.380 1.873 1.394 2.015 1.706  
Motion06 1.167 0.049 0.655 0.862 0.111  
M
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Motion07 0.112 0.035 0.071 0.094 0.048  
Σ RMSE (cm) = 6.19 2.24 2.85 4.09 0.42  
 Rank = 11 6 8 10 1  
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Considering Model 3b, r-squared values from the calibration scenarios are 
significantly better (~ 15 to 25 %) than those from Model 2b (Table 5.4).   Predictions 
made by viscous model parameters from calibrated scenarios are presented in Figures 
5.14 and 5.15.  Results from all scenarios are contained in Appendix D.  For Model 3b, 
the ability to predict displacement response is highly dependant on the calibration 
scenario.  Predictions for velocity and accumulated and single event displacements are 
relatively accurate for all scenarios (Figure 5.14 and 5.15).  However, each single motion 
scenario is deficient at predicting post-seismic displacement response in other motions 
(Table 5.6).  Similarly the “averaging” that occurs with the sequence scenario of 
Motion01 to 02, produces poor matching with both single motion and full program 
predictions (Figure 5.15).   
Oddly enough, viscous model parameters generated with data from Motion 02 
demonstrated the best match through the test program.  This is somewhat contrary to 
Model 2b, which showed better predictions with the use of a sequence of motions.  This 
difference between model response is due the magnitude of displacement occurring in 
Model 3b (Figure 5.1).   This level of change ultimately modifies the model input 
parameters relating to geometry.  As such, the longevity of a viscous law parameters 
calibrated on any motion in Model 3b extends only until the geometry is significantly 
changed.  
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Figure 5.14: Measured and predicted values for power law viscous model in Model 2b. 
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Figure 5.15: Measured and predicted displacement response for power law viscous model in Model 2b. 
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Table 5.6: Goodness of fit for displacement predictions made by all calibration scenarios in Model 2b. 
  Motion(s) Used for Viscous Power Law Model Parameters 
  Motion01 Motion02 Motion02A Motion03 All Motions 
Motion01 
to 
Motion02 
Motion01 0.33 1.93 150.71 91.77 11.13 3.70 
Motion02 3.94 0.51 44.57 42.81 7.70 2.83 
Motion02A 0.56 0.11 0.05 1.18 0.57 0.31 
M
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Motion03 11.66 9.93 5.39 0.47 12.23 10.80 
RMSE (cm) = 16 12 201 136 32 18 
 Rank = 2 1 6 5 4 3 
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Overall, the power law viscous model was able to describe and predict long term 
displacement response in both Models 2b and 3b.  Model parameters derived from 
centrifuge data are relatively accurate from motion to motion provided material strength 
and/or geometry remained constant.  Provided these two conditions are met, viscous 
model parameters developed using a sequence of representative motions provides the best 
predictive capability (Figure 5.13 and Table 5.5).  Inertial shaking, and its contribution to 
the equation of momentum, was not incorporated in the calibration or prediction stages.  
However, the effects of this were tested and shown to have little impact due to the 
contrast of rapidity of earthquake loading relative to long-term dissipation. 
5.1 Conclusions 
A variety of pore pressure regimes generated throughout the centrifuge testing 
program were analyzed, and there impact on slope stability quantified.  Pore pressures 
were observed to be the highest in the lower half to one third of the model profile.  These 
pore pressures dissipated vertically and laterally according to elevated pore pressures in 
adjacent zones (i.e. high to low potential).  Elevated pore pressures at depths less than 2.5 
m drove long term displacements following destructive shakes.  These pore pressures had 
the effect of lowering resisting forces to a level resulting in a temporal factor of safety 
less than one (FOS  ~ 0.95 to 0.99).  Lowered effective stresses allowed viscous type 
movements to persist in the model slope.  A power law viscous model was proven 
effective at describing and predicting model behavior provided major changes in soil 
composition or model geometry had not occurred. 
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Pore pressure dissipation 
Rates of pore pressure dissipation were a function of soil permeability with 
considerable impact from the bentonite/kaolinite cap in Model 3b.  Drainage times 
ranged from roughly 1 day (observed) in Model 2 to as much as 1 week (projected) in 
Model 3b (see Figure 5.3, 5.9 through 5.11, and Appendix D).   
Two dimensional simulations in FLAC were used to understand trends and sequence 
in pore pressure dissipation.  In general, simulations did not accurately capture pore 
pressure magnitudes.  However, evidence of pore pressure migration vertically upward 
and laterally towards the face of the slope was demonstrated in simulations (Figures 5.9, 
5.10 and 5.11).  Time to pore pressure dissipation was typically faster than that observed 
in Model 2b and slower than in Model 3b. 
Deficiencies in simulating of pore pressure magnitudes for both models were a result 
of (i.) incorrect initial conditions and/or (ii.) the existence of preferential drainage paths.  
The first of these is caused by the assumption that pore pressures observed at the end of 
shaking represent all excess pore pressure in the model.  However, issues relating to the 
rapidity of generation of pore pressures and soil permeability raise the possibility of 
pressures at the end of shaking not yet being realized by the instrumentation array.  The 
second, preferential drainage, could have been occurring along container boundaries, 
instrumentation wires, or surface tension cracks.  Despite the effects of these potential 
paths on simulations, there impact on results throughout each input motion in the models 
is ubiquitous.  Ultimately simulations were constructed and executed with the most 
accurate information available on boundary and material conditions.  As such, the 
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resulting output satisfactorily capture trends while missing specific phase and amplitude 
response. 
Displacement response 
Post-seismic displacement response was observed following shakes generating pore 
pressure.  This movement was of the viscous type and persisted at a rate directly related 
to excess pore pressure at a depth of roughly 1.5 to 2 m.  This coupled behavior was 
described with the use of a power law relationship to soil viscosity.  This method was 
able to describe displacement response as well as predict viscous-type behavior in 
motions throughout a model specific test program. 
The form of the power law model used was presented by Corominas (2005) and 
incorporates this relationship within the context of the momentum equation and infinite 
slope boundary conditions.  This approach allows often difficult, and more importantly 
sensitive, parameters, such as soil viscosity and shear band thickness to be accounted for 
as bulk parameters via the power law coefficients.  In turn, calibration and 
implementation of this model is practical with only pore pressure data at the shear surface 
and complementary surface displacements. 
In centrifuge models, the power law relationship proved well suited in describing 
long term displacements.  This model, when calibrated, provided a match typically 
exceeding r-squared values of 0.60 in Model 2b and 0.97 in Model 3b (Table 5.4).  The 
relative difference in accuracy can be attributed to the assumptions of slide geometry.  In 
this respect, Model 3b exhibited a much more infinite slope like condition at the uniform 
interface of the cap and core materials.  Model 2b was more likely to exhibit a shallow 
rotational or translational (i.e. wedge) failure. 
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The ability of a calibrated power law relationship to predict model response outside 
the range of time used for calibration was dependant upon the uniformity of material and 
geometry.  Not surprisingly, model parameters generated in Model 2b could not be used 
for Model 3b due to both material (i.e. cap vs. no cap) and geometry (i.e. damaged vs. 
undamaged).  For Model 2b, material and geometry remained relatively constant, 
allowing relatively accurate motion to motion predictions for each calibration scenario 
(Table 5.5).  The most accurate of calibration scenarios was the sequence of Motion03 to 
Motion04, which used two unique destructive motions.  This and other sequences such as 
Motion02A to Motion04 (Table 5.5 and Appendix D) were observed to benefit from 
coefficients not being biased to a single representative post-seismic response.  Predictions 
in Model 3b, experienced limited success due to large changes in geometry following 
shakes.  However, power law model coefficients calibrated to the period following 
Motion02 provided the best predictions of displacement response in other motions 
(Figure 5.15 and Table 5.6). 
Long-term failures in clay slopes 
As documented in this chapter, slow moving slides observed in the centrifuge are a 
result of viscous type shear along a weakened slip surface.  However, other modes of 
failure such as deeper seated rotational slides were explored.  These were seen as a 
potential mode of failure, provided large enough pore pressures occurred at or migrated 
to a critical slip surface.   
Limit equilibrium analyses using pore pressure regimes from points in time following 
shaking showed that all potential slip surfaces with time were within 1 m of the static 
critical slip surface.  Figure 5.16 shows slip surfaces with FOS < 1.1 immediately 
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following Motion03.  This represents a worse case scenario for deeper portions of the 
profile which experience only less critical pore pressures with time as localized pore 
pressures spread through the soil profile.   
 
Figure 5.16: Slip surfaces having FOS < 1.1 immediately after Motion03. 
 
 
Pore pressures required to generate such failures did not exist in the centrifuge 
program.  Input motions required to generate such pressures would have been 
unreasonably long in duration (> 1 m) or strong enough to induce muted cyclic response 
in the upper half of the model (see Chapter 4).  Furthermore, excess pore pressures 
necessary to generate deep seated failures would be those corresponding to roughly 20 % 
pore pressure ratio (ru).  This implies that stability can be maintained even if localized 
portions of the slip surface reached ru values exceeded 0.20 or higher.  In short, the 
models exhibit a degree of indifference to failures induced by localized concentrations of 
excess pore pressure in the lower half of the profile. 
For geometries and materials similar to those of the centrifuge models, stability and 
long-term performance are dependant upon the ability of the slope to dissipate excess 
pore pressures.  This work has shown that under strong shaking conditions, a complete 
loss of soil strength due to elevate pore pressures (i.e. liquefaction type behavior) is 
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unlikely.  Similarly pore pressures that are generated, are typically localized enough to 
not present the risk of global instabilities.  However, excess pore pressures in the lower 
half of the profile cause a persistent state of lowered effective stress in near-surface areas 
as it dissipated towards the surface.  This in turn causes persistent slow-moving viscous 
movement at the surface. 
Using calibrated viscous model parameters from centrifuge test data, the impact of 
sustained pore pressures was examined.  Figure 5.17 shows the instantaneous velocity at 
a given pore pressure and the accumulated displacements with time that would result 
from sustained pore pressure ratios.  Model parameters from Model 2b – Motion 03 and 
Model 3b – Motion01 were used.   
In Figure 5.17, the impact of the power coefficient (b) is clear.  Motion03 parameters 
demonstrate a relatively linear relationship between pore pressure and displacement 
response.  However, Motion 01 parameters show a non-linear relationship that shows that 
velocity response is more dramatically impacted by each proportional increase in pore 
pressure magnitude.  Recalling Figure 5.1, this exercise reinforces the impact of sustained 
pore pressures in Model 3b.  More importantly this suggests that in natural slopes similar 
to Model 3b, the post-seismic response is much more critical than inertial response to the 
life cycle performance of the slope. 
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Figure 5.17: Comparison of velocity and displacement response for different sustained pore pressure magnitude. 
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CHAPTER 6: PROJECT SUMMARY 
6.1 Project Summary 
This project analyzed and quantified the mechanism of post-seismic displacement 
response in normally consolidated clay slopes.  Research methods incorporated a series 
of physical centrifuge model tests and a complementary numerical modeling program.  
This effort also included characterizing the dynamic response and resultant pore pressure 
generation which creates “initial” conditions for post-seismic response.   
This chapter is a summary of the findings of the project.  Major findings for this 
project are (i.) the mechanism for post-seismic response in clay slopes, (ii.) 
implementation of a predictive model of post-seismic response and (iii.) identification of 
geometric and geologic conditions likely to precipitate post-seismic displacements in clay 
slopes.  These key points are discussed in the broader context of traditional evaluation of 
dynamic and static (i.e. post-seismic) slope stability.  This chapter concludes with broad 
recommendations on applying findings of this project to larger regional identification of 
post-seismic displacement hazard potential. 
6.2 Slope Stability 
Evaluation of slope stability is typically, and appropriately, divided into two typical 
analyses; static and dynamic.  Each of these can be evaluated by any number of methods 
for static (e.g. limit equilibrium, psuedostatic analysis) and dynamic (e.g. decoupled, 
fully-coupled) analyses.  Despite proven accuracy, a critical element of evaluating slope 
stability in this framework is the assumption that the static solution applies to the post-
seismic period.  However, multiple case histories (see Chapter 1.2) have shown that 
sliding or initiation of sliding can occur in the days to weeks after an earthquake. 
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Several hypotheses exist for mechanisms governing these failures (see Chapter 1.3).  
Recent work (e.g. Malvick et al., 2004 and 2006, Kulasingam et al., 2004) has 
demonstrated that void redistribution is the likely mechanism driving such failures in 
stratified sands.  However, this mechanism does not apply to normally consolidated 
clays.  Through this project it was shown that post-seismic displacements were a result of 
slow moving viscous-type shearing. 
Slope stability of normally consolidated clay models was shown to be time dependant 
for both dynamic and post-seismic slope stability.  Dynamic stability was a function of 
material strength, slope geometry and motion intensity (i.e. amplitude and duration).  
Increases in shaking intensity resulted in proportionally higher probability of, and higher 
magnitude, permanent displacements.  Post-seismic stability was a function of material 
strength, slope geometry and permeability.  Lower permeability materials were observed 
to increase both the rate and magnitude of post-seismic displacements. 
This work highlights the effect of pore pressure magnitude and dissipation time on 
viscous sliding.  Figure 6.1 shows a schematic representation of observed centrifuge 
model behavior.  With respect to post-seismic response, it is this time period for which 
little if any field data exists.  The phenomenon identified in this work represents a 
demonstration of the risk for post-seismic displacements which is particularly significant 
considering no widely applied design considerations or tools are directed at the post-
seismic response of clay slopes. 
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Figure 6.1: Trends governing slope response and permanent displacements in centrifuge 
models. 
 
6.2 Dynamic Response 
Non-destructive vs. Destructive 
Dynamic response in the centrifuge models can be broadly grouped into ‘non-
destructive’ and ‘destructive’ response.  These two categories are separated by the 
accumulation, or lack there of, of permanent displacements on the surface of the slope. 
This phenomenon is first and foremost a function of input loading.  Response to 
accelerations then leads to pore pressure generation and shearing within the profile.  
Shearing has the effect of altering dynamic response by base isolating material in the 
profile above a shear zone as well as reflecting energy downward into the profile below 
the zone.  Disparities in the distribution of dynamic response have the effect of 
generating equally diverse residual pore pressure following in each motion.   
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Pore pressure generation 
Pore pressure generation is directly proportional to the accumulation of cyclic strains 
at a given location.  Residual pore pressure as a function of cyclic strains is well 
documented (e.g. Matasovic and Vucetic, 1995, Pestana et al., 2000).  This is a function 
the magnitude of cyclic strain beyond on the cyclic strain limit and the number of cycles 
exceeding said limit.  The cyclic strain limit is a material dependant magnitude and is 
generally related to plasticity and maximum past pressure.  For the kaolinite used in the 
centrifuge models, the cyclic strain limit was observed to typically be roughly 0.04 %, 
roughly half that documented for clays of similar plasticity and clay content. 
Pore pressure generation was greatest on in the lower half to one-third of the soil 
profile.  More specifically, while more intense input motions generated larger pore 
pressures when considering a single location, they did not generate larger residual pore 
pressures across the model cross-section.  In fact, larger motions generally had little to no 
impact of the pore pressure behavior in instruments nearer the model surface (Figure 4.8 
and 4.28).  This trend was due to the effects of slope failure (i.e. slipping) effectively base 
isolating the upper portion of the soil profile.   
Base Isolation 
Destructive motion showed a distinct muted acceleration response in the upper one 
half to one-third of the model profile.  This resulted in muted cyclic straining and 
consequently less pore pressure generation.  The lower portions of the model cross-
section, however, showed proportional increases in pore pressure generation with 
increased cyclic strain amplitude.  Figure 6.2 shows a schematic representation of slope 
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behavior for destructive motions.  In short, the shear zone that developed during shaking, 
effectively base isolated the upper portions of the profile.   
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Figure 6.2: Schematic of base isolation phenomenon occurring in centrifuge models. 
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The effects of this base isolation were time dependant through the duration of each 
destructive motion.  Figure 6.3 shows the Arias intensity for 5 second intervals along the 
vertical accelerometer array (Figure 3.8) for one non-destructive motion and three 
destructive motions in Model 2b.  With the exception of Motion 05, all motions show 
some level of amplification in the initial 1 to 2 s of shaking.  For the non-destructive 
motions, Motion 02, this amplification was uniform for the duration of the motion 
(ACC11) with evidence of material hysteretic damping between ACC11 and ACC 14.  
No base isolation occurs in non-destructive motions.  However, for destructive motions 
the effects of base isolation develop with continued shaking, concurrent with the 
thickening of the shear zone.  Similarly, comparatively stronger motions exhibit faster 
development of these base isolation effects (Figure 3.6). 
Increasing destructive motions also exhibit base isolation at deeper points along the 
soil profile.  This is evident in the behavior of ACC11, which shows material damping in 
Motion 02A, with considerable base isolation in Motion 03 and 05 (i.e. less energy than 
ACC3).  Table 6.1 shows the ratio of energy observed at ACC11 and 14 to that at ACC8 
at the end of strong shaking (i.e. full amplitude), and peak energy observed at location.  
This shows the relative transmission of energy (i.e. from below to within the shear zone) 
and loss of energy (i.e. input plus amplification minus base isolation) from shearing at a 
specific location.  Comparison of peak to final energy in Motion 05 is somewhat skewed 
by the irregular base acceleration (Figure 6.3).  However, is it clear that increasingly 
stronger motions result in increased base isolation effects (Table 6.1). 
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Table 6.1: Energy ratios observed at locations along vertical accelerometer arrays. 
Through Shear Zone at 
End of Strong Shaking 
Initial Peak to End of 
Shaking Motion 
ACC11 ACC14 ACC11 ACC14 
02 2.70 6.23 1.16 0.39 
02A 1.52 1.18 0.88 0.31 
03 0.82 0.46 0.61 0.61 
05 0.18 0.04 1.27 1.62 
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Figure 6.3: Arias Intensity over 0.5 sec intervals for accelerometers along vertical array beneath the crest of Model 2b.
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6.3 Post-seismic Response 
Mode of long-term failure 
Slow moving slides observed in centrifuge models were a result of viscous type shear 
along a weakened slip surface.  However, other modes of failure such as deeper seated 
rotational slides were explored.  These were seen as a potential mode of failure, provided 
large enough pore pressures occurred at or migrated to a critical slip surface.  However, 
under typical earthquake loading (PGA ~ 0.1 to 0.2 g), limit equilibrium analyses showed 
critical slip surfaces were in the shallower (< 3 m) portions of soil profile (Figure 5.16).  
The greatest residual pore pressures in Model 2b were observed at the end of Motion 
05 (Figure 6.4).  Considering the effects of based isolation the model experienced nearly 
an order of magnitude greater residual pore pressure at the bottom of the profile 
compared to the upper half.  These pressures produced significantly lowered effective 
stress in the toe region of the cross-section.  However, critical surfaces remain in the 
upper portion of the profile and the end of the motion.  This trend of shallow seated 
surfaces continues as localized concentrations of pore pressure at the base of the model 
disperse and dissipate into shallower regions of the profile (i.e. areas of less effective 
stress).
 2
1
1
 
0 10 20 30 40 50
X (cm)
0
4
8
12
16
20
Z
 
(
c
m
)
1.00 0.69 0.71 0.54 0.59 0.76
1.00 0.59 0.10 0.36 0.77
0.60
0.58 0.13 0.26
1.00
0.26
0.27
Pore Pressure Ratio
0 10 20 30 40 50
X (cm)
0
4
8
12
16
20
Z
 
(
c
m
)
16.8 18.0 25.8 28.0 33.1 29.5
4.4 14.5 3.7 16.2 21.6
4.0
3.7 2.5 7.4 11.4
3.1
1.8
Excess Pore Pressure
Note: Symbol area idicates magnitude at the end of the motion.  
Figure 6.4: Pore pressure generation observed at the end of Motion 05 in Model 2b.
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Figure 6.5: Slip surfaces having FOS < 1.1 immediately after Motion 05. 
 
In short, pore pressures that are generated, are typically localized and/or deep enough 
(i.e. high effective stress) to not present the risk of global instability.  However, excess 
pore pressures in the lower half of the profile caused a persistent state of lowered 
effective stress in near-surface areas as it dissipated towards the surface.  This in turn 
causes persistent slow-moving viscous movement at the surface.  This post-seismic 
displacement response was observed following all shakes generating residual pore 
pressure.  This movement persisted at a rate directly related to excess pore pressure at a 
depth of roughly 1.5 to 2 m (Figure 6.6).  For geometries and materials similar to those of 
the centrifuge models, stability and long-term performance were dependant upon the 
ability of the slope to dissipate these excess pore pressures.   
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Figure 6.6: Typical failure surfaces and zones observed in centrifuge testing 
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6.4 Identification and Monitoring 
The following section describes the applicability of the current work to broader field 
case studies exhibiting post-seismic displacement phenomenon.  Identification of the 
potential factors leading to long-term post-seismic displacements was characterized in the 
context of geology and geometry.  Monitoring of slopes with identified risk for post-
seismic displacements are described in the context of the power law viscous model used 
for predicting centrifuge model response 
Geology 
Centrifuge testing showed that post-seismic displacement was a direct result of 
sustained elevated pore pressure.  Therefore, models containing lower permeability 
materials (i.e. 80/20--kaolinite / bentonite) that restricted pore pressure dissipation 
experienced roughly one order of magnitude larger displacements.  On the other hand, 
magnitude of pore pressure generation alone was less of a factor than the ability of the 
model to dissipate pore pressure.  To emphasize this point, large pore pressures generated 
in Model 2b induced far less post-seismic displacement than that observed in Model 3b 
(Appendix B and C).  
Geology likely to induce post-seismic viscous shearing is low permeability (k < 10-7 
cm/s) normally consolidated clays.  Potential for post-seismic sliding in these deposits 
would be exacerbated by stratified permeability contrasts.  These types of discontinuities 
could result from soil stratigraphy or at an interface with bedrock.  In either case, this 
type of profile allows for viscous shear to develop on geologic discontinuities.  Similarly, 
pre-existing or historical slip surfaces offer potential for activation of post-seismic 
viscous sliding. 
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Geometry 
Geometry likely to precipitate post-seismic sliding is a combination of soil strength 
and slope, or slip surface, inclination.  More specifically, two-dimensional slopes that are 
marginally stable (FOS < 1.2) and consequently more susceptible to subtle reductions in 
effective stress typical of viscous-type movement.  These types of geometries are likely 
to occur in near-shore depositional environments and upland colluvial deposits.  Both of 
these environments also contain geologic elements likely to precipitate these failures. 
Hazard identification 
Viscous post-seismic displacements as a seismic hazard can be roughly identified via 
current topographic and geologic data.  Considering the shallow depth of this 
phenomenon, widely available elevation and soil survey data can be used as a rough 
estimate of the extent of post-seismic displacement potential.  Furthermore, increasing 
prevalence of remote sensing techniques, for monitoring time dependant changes in 
surface topography, offer a clear path for larger regional identification and magnitude of 
post-seismic displacement. 
Long-term performance modeling 
The coupled behavior of surface displacements to subsurface excess pore pressure 
was modeled with the use of a power law relationship to soil viscosity.  This method was 
able to describe displacement response as well as predict viscous-type behavior in 
motions throughout a model specific test program provided significant changes to the 
surface geometry of the model did not occur.  The same potential and limitations exist for 
field slopes. 
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The power law model based on Corominas et al. (2005) provided the most accurate 
and simple framework for understanding post-seismic displacement response.  Similar 
viscoelastic models either are incompatible with non-Newtonian viscosity (i.e. Bingham 
plasticity) or require relatively exotic input parameters such as Maxwell (Stein and 
Wysession, 2003) or Kelvin-Voight relaxation time (Barnes, 2000) for the Maxwell and 
Burger model, respectively.  In general, implementation of the power law viscous model 
would require observations of surface displacement and subsurface pore pressures, as 
well as, approximate depth of failure and soil strength.  
The power law model provides the most potential for deployment in field level 
studies.  Data observed in the centrifuge is essentially the same that would be acquired in 
the field.  Straight forward input parameters required of the power law model are a 
primary motivation for its use and applicability to larger studies of post-seismic 
displacement phenomenon.  This data could be readily captured through surface 
monuments, artificial or natural, and cased boreholes or downhole pressure transducers 
for water pressure readings.
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APPENDIX A: INSTRUMENTATION INVENTORY 
This appendix provides detailed coordinates of instrumentation installed in 
production models.  These instrumentation plans are shown graphically in Chapter 3.3 
and are archived on NEES Central (https://central.nees.org/) under the project titled 
“Seismically Induced Delayed-Landslides in Homogeneous Cohesive Slopes and 
Embankments”. 
 
Table A.1: Model 1b instrumentation coordinates 
Instrument Sensor Type X (cm) 
Y 
(cm) 
Z 
(cm) Orientation 
ACC1 10.0 15.5 1.0 
ACC2 22.0 15.5 1.0 
ACC3 29.5 15.5 1.0 
ACC4 38.0 15.5 1.0 
ACC5 49.5 15.5 1.0 
ACC6 2.5 15.5 3.5 
ACC7 10.0 15.5 3.5 
ACC8 22.0 15.5 5.0 
ACC9 38.0 15.5 5.0 
ACC10 49.5 15.5 5.0 
ACC11 22.0 15.5 10.3 
ACC12 51.0 15.5 11.5 
ACC13 32.5 15.5 16.5 
ACC14 38.0 15.5 16.5 
ACC17 54.0 15.5 11.5 
ACC18 54.0 15.5 1.0 
Horizontal (In-plane) 
ACC15 35.0 22.5 16.5 Vertical 
ACC16 
Accelerometer
35.0 14.0 16.5 Horizontal (Out of Plane) 
PPT1 10.0 12.5 1.0 
PPT2 16.0 12.5 1.0 
PPT3 22.0 12.5 1.0 
PPT4 29.5 12.5 1.0 
PPT5 38.0 12.5 1.0 
PPT6 49.5 12.5 1.0 
PPT7 
Pore Pressure 
Transducer 
2.5 12.5 3.5 
Not Applicable 
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Instrument Sensor Type X (cm) 
Y 
(cm) 
Z 
(cm) Orientation 
PPT8 10.0 12.5 3.5 
PPT9 16.0 12.5 5.0 
PPT10 27.0 12.5 5.0 
PPT11 38.0 12.5 5.0 
PPT12 49.5 12.5 5.0 
PPT13 16.0 12.5 7.2 
PPT14 24.0 12.5 7.2 
PPT15 22.0 12.5 10.3 
PPT16 49.5 12.5 11.5 
PPT17 29.5 12.5 14.5 
PPT18 38.0 12.5 16.5 
PPTA 34.0 20.0 10.0 
PPTB 34.0 6.0 10.0 
LVDT 37.0 7.0 18.0 Vertical 
Laser 
Displacement 
35.0 12.5 18.0 Horizontal (In-plane) 
Notes: 
1. Horizontal orientation is relative to the direction of shaking (i.e. in-plane and out of plane) 
2. Instruments highlighted in red exhibited no or partial functionality during testing. 
 
 
 
Table A.2: Model 2b instrumentation coordinates 
Instrument Sensor Type X (cm) 
Y 
(cm) 
Z 
(cm) Orientation 
ACC1 14.0 16.0 1.0 
ACC2 22.5 16.0 1.0 
ACC3 32.5 16.0 1.0 
ACC4 50.5 16.0 1.0 
ACC5 54.0 16.0 1.0 
ACC6 7.0 16.0 4.0 
ACC7 14.0 16.0 6.0 
ACC8 32.5 16.0 6.0 
ACC9 50.5 16.0 6.0 
ACC10 22.5 16.0 11.3 
ACC11 32.5 16.0 11.3 
ACC12 50.5 16.0 11.5 
ACC13 54.0 16.0 11.5 
ACC14 32.5 16.0 16.5 
ACC15 
Accelerometer 
36.5 16.0 16.5 
Horizontal (In-
plane) 
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Instrument Sensor Type X (cm) 
Y 
(cm) 
Z 
(cm) Orientation 
ACC16 40.0 16.0 16.5 
ACC18 36.5 16.0 16.5 
ACC17 37.0 16.0 16.0 Vertical 
PPT1 10.0 6.5 1.0 
PPT2 16.2 6.5 1.0 
PPT3 22.0 6.5 1.0 
PPT4 29.5 6.5 1.0 
PPT5 38.0 6.5 1.0 
PPT6 50.5 6.5 1.0 
PPT7 10.0 6.5 4.0 
PPT8 22.0 6.5 5.0 
PPT9 29.5 6.5 5.0 
PPT10 38.0 6.5 5.0 
PPT11 50.5 6.5 5.0 
PPT12 16.2 6.5 7.0 
PPT13 22.0 6.5 10.3 
PPT14 29.5 6.5 10.3 
PPT15 38.0 6.5 10.3 
PPT16 51.0 6.5 10.3 
PPT17 29.5 6.5 14.5 
PPT18 
Pore Pressure 
Transducer 
38.0 6.5 16.5 
Not Applicable 
LVDT1 20.2 15.5 10.9 
LVDT2 14.9 9.5 7.8 
Parallel to Slope 
Face 
LVDT3 
Displacement 
39.0 12.5 18.0 Vertical 
Notes: 
1. Horizontal orientation is relative to the direction of shaking (i.e. in-plane) 
2. Instruments highlighted in red exhibited no or partial functionality during testing. 
 
 
Table A.3: Model 3b instrumentation coordinates 
Instrument Sensor Type X (cm) 
Y 
(cm) 
Z 
(cm) Orientation 
ACC1 14.0 16.0 1.0 
ACC2 22.5 16.0 1.0 
ACC3 32.5 16.0 1.0 
ACC4 50.5 16.0 1.0 
ACC5 54.0 16.0 1.0 
ACC6 
Accelerometer
7.0 16.0 4.0 
Horizontal (In-plane) 
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Instrument Sensor Type X (cm) 
Y 
(cm) 
Z 
(cm) Orientation 
ACC7 14.0 16.0 6.0 
ACC8 32.5 16.0 6.0 
ACC9 50.5 16.0 6.0 
ACC10 22.5 16.0 11.3 
ACC11 32.5 16.0 11.3 
ACC12 50.5 16.0 11.5 
ACC13 54.0 16.0 11.5 
ACC14 32.5 16.0 16.5 
ACC16 40.0 16.0 16.5 
ACC15 36.5 16.0 16.5 Vertical 
PPT1 10.0 6.5 1.0 
PPT2 16.2 6.5 1.0 
PPT3 22.0 6.5 1.0 
PPT4 29.5 6.5 1.0 
PPT5 38.0 6.5 1.0 
PPT6 51.0 6.5 1.0 
PPT7 10.0 6.5 4.0 
PPT8 22.0 6.5 5.0 
PPT9 29.5 6.5 5.0 
PPT10 38.0 6.5 5.0 
PPT11 51.0 6.5 5.0 
PPT12 16.2 6.5 7.0 
PPT13 22.0 6.5 10.3 
PPT14 29.5 6.5 10.3 
PPT15 38.0 6.5 10.3 
PPT16 51.0 6.5 11.0 
PPT17 29.5 6.5 14.5 
PPT18 
Pore Pressure 
Transducer 
38.0 6.5 16.5 
Not Applicable 
LVDT1 20.2 15.5 10.9 
LVDT2 14.9 9.5 7.8 
Parallel to Slope Face 
LVDT3 
Displacement 
39.0 12.5 18.0 Vertical 
Notes: 
1. Horizontal orientation is relative to the direction of shaking (i.e. in-plane) 
2. Instruments highlighted in red exhibited no or partial functionality during testing. 
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APPENDIX B: DATA PROCESSING 
This appendix summarizes the data handling and processing steps that were used for 
all centrifuge data acquisitions.  Data reported in this dissertation and used in numerical 
analyses represents the cumulative effect of all verification, processing and scaling steps.  
Data in all formats can be accessed publicly on NEES Central (https://central.nees.org/) 
under the project titled “Seismically Induced Delayed-Landslides in Homogeneous 
Cohesive Slopes and Embankments”. 
Several processing steps were undertaken to increase the clarity and ability to 
interpret data acquisition files.  Four general file formats were generated through the 
centrifuge testing program from raw to fully processed.  Each of the processing steps, and 
respective file nomenclature stored on NEES Central, are briefly described below in the 
order in which they are generated (i.e. each step is executed on data from the preceding 
step).  Format for each processed file is tab-delimited and in engineering units consistent 
with those designated for the project on NEES Central. 
1. Motion#_DAQOutput.txt – file is that generated by the data acquisition software at 
the geotechnical centrifuge at Rensselaer Polytechnic Institute (RPI).  These files 
contain a header which contains instrumentation information (serial number, 
calibration factor, etc.) and acquisition conditions (sampling rate, g-level, etc.).  Data, 
by default, is in engineering units at model scale. 
2. Motion#_corrected.dat – modifications are made to any instrument verified to 
have an incorrect calibration factor.  Accelerometer histories are modified to all 
exhibit uniform sign convention.  Time periods of high sampling frequency (~5 kHz 
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model scale) not bracketing the shaking event are reduced to frequency of 10 Hz 
model scale.  Data values are in engineering units at model scale. 
3. Motion#_processed.dat – Accelerometers are filtered with a band-pass (0.4 to 20 
Hz) Butterworth filter.  Pore pressure transducers (PPTs) are filtered with a low-pass 
(8 Hz) Butterworth filter.  PPTs and displacement transducers (LVDTs) are smoothed 
with a Savitsky-Golay arithmetic averaging filter.  
4. Motion#_converted.dat – Time and acquired data is converted to respective 
engineering units at prototype scale. PPT and LVDT time histories are zeroed by 
using the average value in the time period prior to shaking.  Thus, PPTs and LVDTs, 
indicate excess pore pressure and displacement, respectively, as a result of each input 
motion. 
Details on the verification of data and strategies employed to produce “corrected” and 
“processed” data are summarized below. 
“Corrected Data” 
1. Calibration factors – Instrument operation during spin-up and shaking was 
examined and checked against theoretical expectations and nearby redundant 
instrumentation to validate calibration factors. 
2. Sign convention – Prior to spin-up, tap-tests on each model were conducted.  
Comparing acquired data to the direction of each “tap”, the sign convention for 
each accelerometer could be verified or corrected. 
3. Sampling rate reduction – Large amounts of superfluous data exist in the 
beginning (first five seconds) of each data acquisition due to software constrains.  
This data is removed to improve user interpretation (i.e. plotting and printing 
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thereof) as reduce file size.  High frequency (~5 kHz) data is maintained through 
the period of the shaking event.  
 
Figure B.1: Effects of down-sampling high frequency data acquisition. 
“Processed Data” 
1. Butterworth filter – Limits for filtering were established by employing good 
engineering judgment.  In prototype units, upper bound shaking frequencies were 
on the order of 6 Hz, with minor contributions from centrifuge vibrations at 
approximately 8 and 13 Hz.  Lower bound “real” vibration was observed to be 
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near 0.5 Hz by plotting the frequency response, via fast Fourier transform, for 
multiple accelerometer histories from multiple shakes in log-log space.  
Therefore, band-pass filter design included the range 0.4 to 20 Hz.  Filter design 
for pore pressure transducers included a low-pass filter at 8 Hz.  Low frequency 
response is a fundamental characteristic of long-term (hours to days) pore 
pressure response and was thus unmodified.  Similarly, high-frequency response 
was not observed in pore pressure transducers allowing for a filter closer to the 
maximum shaking frequencies.  No frequency domain filtering was applied to 
displacement transducers.  All filters were applied in the forward and reverse 
direction to ensure zero-phase change. 
2. Savitzky-Golay filter – Both PPT and LVDT data is critical through the entire 
acquisition time.  In the frequency domain, the period immediately following 
shaking represents relatively higher frequency data than that through the rest of 
the acquisition.  This “broadband” data significantly reduces the effectiveness of 
frequency domain filters.  Therefore, a least squares smoothing filter was used to 
remove noise from PPT and LVDT instrumentation.  This type of smoothing 
operates in a moving window fashion with the window size and polynomial order, 
for least squares fitting, specified by the user.  Table B.1 shows the windowed 
filtering that was applied to PPT and LVDT histories; prototype units cited. 
Table B.1: Savitzky-Golay filtering characteristcs. 
Time Range Polynomial Order Window Length 
2 s before to 2 s after 
end of shaking 2 ~ 45 s 
2 s after end of shaking 
to end of acquisition 1 ~ 25 min 
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Figure B.2: Effects of filtering on accelerometers, and filtering and smoothing on pore 
pressure transducers. 
48.00
48.10
48.20
48.30
48.40
48.50
48.60
48.70
0 50 100 150 200 250 300 350
Model Time (s)
Po
re
 P
re
ss
ur
e 
(k
Pa
)
Corrected Data
Processed Data
-1.50
-1.00
-0.50
0.00
0.50
1.00
1.50
1.00 1.05 1.10 1.15 1.20 1.25 1.30
Model Time (s)
M
od
el
 A
cc
el
er
at
io
n 
(g
)
Corrected Data
Processed Data
 
229
APPENDIX C: SHAKE DATA ACQUISTION 
This appendix contains data acquired during shaking for all production centrifuge 
models.  This data is of ‘scaled’ format as outlined in Appendix B.  Data is organized by 
instrument and chronological order relative to each shake program.  Only instruments 
that are functional during a respective shake are displayed.  Data used to generate each 
figure is archived on NEES Central (https://central.nees.org/) under the project titled 
“Seismically Induced Delayed-Landslides in Homogeneous Cohesive Slopes and 
Embankments”. 
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APPENDIX D: POST-SEISMIC DATA ACQUISTION 
This appendix contains data acquired in the post-seismic period for all production 
centrifuge models.  This data is of ‘scaled’ format as outlined in Appendix B.  Data is 
organized by instrument and chronological order relative to each shake program.  Only 
instruments that are functional during a respective shake are displayed.  Data used to 
generate each figure is archived on NEES Central (https://central.nees.org/) under the 
project titled “Seismically Induced Delayed-Landslides in Homogeneous Cohesive 
Slopes and Embankments”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
383
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MODEL 1B 
 
384
Motion01--Sweep--0.02g
0 2 4 6 8
Time (hr)
-1
0
1
2
3
4
5 PPT6
0 2 4 6 8
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 2 4 6 8
-1
0
1
2
3
4
5 PPT4
0 2 4 6 8
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 2 4 6 8
-1
0
1
2
3
4
5 PPT2
0 2 4 6 8
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
385
0 2 4 6 8
Time (hr)
-1
0
1
2
3
4
5 PPT14
0 2 4 6 8
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
0 2 4 6 8
-1
0
1
2
3
4
5 PPT11
0 2 4 6 8
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT10
0 2 4 6 8
-1
0
1
2
3
4
5 PPT9
0 2 4 6 8
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT8
Motion01--Sweep--0.02g
 
 
 
386
0 2 4 6 8
Time (hr)
-1
0
1
2
3
4
5 PPTB
0 2 4 6 8
-1
0
1
2
3
4
5 PPT17
0 2 4 6 8
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT16
Motion01--Sweep--0.02g
 
 
 
387
Motion02--Sweep--0.04g
0 4 8 12 16
Time (hr)
-1
0
1
2
3
4
5 PPT6
0 4 8 12 16
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 4 8 12 16
-1
0
1
2
3
4
5 PPT4
0 4 8 12 16
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 4 8 12 16
-1
0
1
2
3
4
5 PPT2
 
 
388
0 4 8 12 16
Time (hr)
-1
0
1
2
3
4
5 PPT14
0 4 8 12 16
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
0 4 8 12 16
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT10
0 4 8 12 16
-1
0
1
2
3
4
5 PPT9
0 4 8 12 16
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT8
Motion02--Sweep--0.04g
 
 
 
389
0 4 8 12 16
Time (hr)
-1
0
1
2
3
4
5 PPTB
0 4 8 12 16
-1
0
1
2
3
4
5 PPT17
0 4 8 12 16
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT16
Motion02--Sweep--0.04g
 
 
 
390
Motion03--Sweep--0.04g
0 2 4 6 8 10
Time (hr)
-1
0
1
2
3
4
5 PPT6
0 2 4 6 8 10
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 2 4 6 8 10
-1
0
1
2
3
4
5 PPT4
0 2 4 6 8 10
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 2 4 6 8 10
-1
0
1
2
3
4
5 PPT2
 
 
 
391
0 2 4 6 8 10
Time (hr)
-1
0
1
2
3
4
5 PPT14
0 2 4 6 8 10
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
0 2 4 6 8 10
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT10
0 2 4 6 8 10
-1
0
1
2
3
4
5 PPT9
0 2 4 6 8 10
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT8
Motion03--Sweep--0.04g
 
 
 
392
0 2 4 6 8 10
Time (hr)
-1
0
1
2
3
4
5 PPTB
0 2 4 6 8 10
-1
0
1
2
3
4
5 PPT17
0 2 4 6 8 10
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT16
Motion03--Sweep--0.04g
 
 
 
393
Motion04--4Hz10cyc--0.04g
0 2 4 6 8 10
Time (hr)
-1
0
1
2
3
4
5 PPT6
0 2 4 6 8 10
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 2 4 6 8 10
-1
0
1
2
3
4
5 PPT4
0 2 4 6 8 10
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 2 4 6 8 10
-1
0
1
2
3
4
5 PPT2
 
 
 
394
0 2 4 6 8 10
Time (hr)
-1
0
1
2
3
4
5 PPT14
0 2 4 6 8 10
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
0 2 4 6 8 10
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT10
0 2 4 6 8 10
-1
0
1
2
3
4
5 PPT9
0 2 4 6 8 10
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT8
Motion04--4Hz10cyc--0.04g
 
 
 
395
0 2 4 6 8 10
Time (hr)
-1
0
1
2
3
4
5 PPTB
0 2 4 6 8 10
-1
0
1
2
3
4
5 PPT17
0 2 4 6 8 10
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT16
Motion04--4Hz10cyc--0.04g
 
 
 
396
Motion05--2Hz10cyc--0.08g
0 4 8 12 16 20
Time (hr)
-1
0
1
2
3
4
5 PPT6
0 4 8 12 16 20
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 4 8 12 16 20
-1
0
1
2
3
4
5 PPT4
0 4 8 12 16 20
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 4 8 12 16 20
-1
0
1
2
3
4
5 PPT2
 
 
 
397
0 4 8 12 16 20
Time (hr)
-1
0
1
2
3
4
5 PPT14
0 4 8 12 16 20
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
0 4 8 12 16 20
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT10
0 4 8 12 16 20
-1
0
1
2
3
4
5 PPT9
0 4 8 12 16 20
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT8
Motion05--2Hz10cyc--0.08g
 
 
 
398
0 4 8 12 16 20
Time (hr)
-1
0
1
2
3
4
5 PPTB
0 4 8 12 16 20
-1
0
1
2
3
4
5 PPT17
0 4 8 12 16 20
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT16
Motion05--2Hz10cyc--0.08g
 
 
 
399
Motion06--4Hz15cyc--0.04g
0 2 4 6
Time (hr)
-1
0
1
2
3
4
5 PPT6
0 2 4 6
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 2 4 6
-1
0
1
2
3
4
5 PPT4
0 2 4 6
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 2 4 6
-1
0
1
2
3
4
5 PPT2
 
 
 
400
0 2 4 6
Time (hr)
-1
0
1
2
3
4
5 PPT14
0 2 4 6
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
0 2 4 6
-1
0
1
2
3
4
5 PPT11
0 2 4 6
-1
0
1
2
3
4
5 PPT9
0 2 4 6
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT8
Motion06--4Hz15cyc--0.04g
 
 
 
401
0 2 4 6
Time (hr)
-1
0
1
2
3
4
5 PPTB
0 2 4 6
-1
0
1
2
3
4
5 PPT17
0 2 4 6
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT16
Motion06--4Hz15cyc--0.04g
 
 
 
402
Motion07--4Hz30cyc--0.04g
0 2 4 6
Time (hr)
-1
0
1
2
3
4
5 PPT6
0 2 4 6
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 2 4 6
-1
0
1
2
3
4
5 PPT4
0 2 4 6
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 2 4 6
-1
0
1
2
3
4
5 PPT2
 
 
 
403
0 2 4 6
Time (hr)
-1
0
1
2
3
4
5 PPT14
0 2 4 6
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
0 2 4 6
-1
0
1
2
3
4
5 PPT11
0 2 4 6
-1
0
1
2
3
4
5 PPT9
0 2 4 6
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT8
Motion07--4Hz30cyc--0.04g
 
 
 
404
0 2 4 6
Time (hr)
-1
0
1
2
3
4
5 PPTB
0 2 4 6
-1
0
1
2
3
4
5 PPT17
0 2 4 6
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT16
Motion07--4Hz30cyc--0.04g
 
 
 
405
Motion08--4Hz10cyc--0.09g
0 4 8 12 16
Time (hr)
-1
0
1
2
3
4
5 PPT6
0 4 8 12 16
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 4 8 12 16
-1
0
1
2
3
4
5 PPT4
0 4 8 12 16
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 4 8 12 16
-1
0
1
2
3
4
5 PPT2
 
 
 
406
0 4 8 12 16
Time (hr)
-1
0
1
2
3
4
5 PPT14
0 4 8 12 16
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
0 4 8 12 16
-1
0
1
2
3
4
5 PPT11
0 4 8 12 16
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT10
0 4 8 12 16
-1
0
1
2
3
4
5 PPT9
0 4 8 12 16
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT8
Motion08--4Hz10cyc--0.09g
 
 
407
0 4 8 12 16
Time (hr)
-1
0
1
2
3
4
5 PPTB
0 4 8 12 16
-1
0
1
2
3
4
5 PPT17
0 4 8 12 16
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT16
Motion08--4Hz10cyc--0.09g
 
 
 
408
Motion09--4Hz10cyc--0.20g
0 4 8 12 16 20
Time (hr)
-1
0
1
2
3
4
5 PPT6
0 4 8 12 16 20
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 4 8 12 16 20
-1
0
1
2
3
4
5 PPT4
0 4 8 12 16 20
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 4 8 12 16 20
-1
0
1
2
3
4
5 PPT2
 
 
409
0 4 8 12 16 20
Time (hr)
-1
0
1
2
3
4
5 PPT14
0 4 8 12 16 20
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
0 4 8 12 16 20
-1
0
1
2
3
4
5 PPT11
0 4 8 12 16 20
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT10
0 4 8 12 16 20
-1
0
1
2
3
4
5 PPT9
0 4 8 12 16 20
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT8
Motion09--4Hz10cyc--0.20g
 
 
 
410
0 4 8 12 16 20
Time (hr)
-1
0
1
2
3
4
5 PPTB
0 4 8 12 16 20
-1
0
1
2
3
4
5 PPT17
0 4 8 12 16 20
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT16
Motion09--4Hz10cyc--0.20g
 
 
 
411
Motion10--4Hz10cyc--0.49g
0 5 10 15 20 25
Time (hr)
-1
0
1
2
3
4
5 PPT6
0 5 10 15 20 25
Time (hr)
0
2
4
6
8
10
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 5 10 15 20 25
-1
0
1
2
3
4
5 PPT4
0 5 10 15 20 25
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 5 10 15 20 25
-1
0
1
2
3
4
5 PPT2
 
 
 
412
0 5 10 15 20 25
Time (hr)
-1
0
1
2
3
4
5 PPT14
0 5 10 15 20 25
Time (hr)
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
0 5 10 15 20 25
0
2
4
6
8
10 PPT11
0 5 10 15 20 25
-1
0
1
2
3
4
5 PPT9
0 5 10 15 20 25
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT8
Motion10--4Hz10cyc--0.49g
 
 
 
413
0 5 10 15 20 25
Time (hr)
-1
0
1
2
3
4
5 PPTB
0 5 10 15 20 25
-1
0
1
2
3
4
5 PPT17
0 5 10 15 20 25
-1
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT16
Motion10--4Hz10cyc--0.49g
 
 
 
 
414
Motion01--Sweep--0.02g
0 2 4 6 8
Time (hr)
0
0.4
0.8
1.2
1.6
2
D
isp
la
ce
m
en
t (
cm
)
Laser
0 2 4 6 8
0
0.2
0.4
0.6
0.8
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
415
Motion02--Sweep--0.04g
0 4 8 12 16
Time (hr)
0.4
0.8
1.2
1.6
2
2.4
D
isp
la
ce
m
en
t (
cm
)
Laser
0 4 8 12 16
0
0.4
0.8
1.2
1.6
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
416
Motion03--Sweep--0.04g
0 2 4 6 8 10
Time (hr)
0.8
1.2
1.6
2
2.4
2.8
D
isp
la
ce
m
en
t (
cm
)
Laser
0 2 4 6 8 10
0
0.2
0.4
0.6
0.8
1
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
417
Motion04--4Hz10cyc--0.04g
0 2 4 6 8 10
Time (hr)
-0.4
0
0.4
0.8
1.2
1.6
D
isp
la
ce
m
en
t (
cm
)
Laser
0 2 4 6 8 10
0
0.2
0.4
0.6
0.8
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
418
Motion05--2Hz10cyc--0.08g
0 4 8 12 16 20
Time (hr)
8
8.4
8.8
9.2
9.6
10
D
isp
la
ce
m
en
t (
cm
)
Laser
0 4 8 12 16 20
0
1
2
3
4
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
419
Motion06--4Hz15cyc--0.04g
0 2 4 6
Time (hr)
-1.2
-0.8
-0.4
0
0.4
0.8
D
isp
la
ce
m
en
t (
cm
)
Laser
0 2 4 6
0
0.1
0.2
0.3
0.4
0.5
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
420
Motion07--4Hz30cyc--0.04g
0 2 4 6
Time (hr)
-0.4
0
0.4
0.8
1.2
1.6
D
isp
la
ce
m
en
t (
cm
)
Laser
0 2 4 6
0
0.2
0.4
0.6
0.8
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
421
Motion08--4Hz10cyc--0.09g
0 4 8 12 16
Time (hr)
1.2
1.6
2
2.4
2.8
3.2
D
isp
la
ce
m
en
t (
cm
)
Laser
0 4 8 12 16
0
0.4
0.8
1.2
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
422
Motion09--4Hz10cyc--0.20g
0 4 8 12 16 20
Time (hr)
2.5
3
3.5
4
4.5
5
5.5
D
isp
la
ce
m
en
t (
cm
)
Laser
0 4 8 12 16 20
0
0.5
1
1.5
2
2.5
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
 
 
423
Motion10--4Hz10cyc--0.49g
0 5 10 15 20 25
Time (hr)
5
6
7
8
9
D
isp
la
ce
m
en
t (
cm
)
Laser
0 5 10 15 20 25
0
1
2
3
4
5
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
424
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MODEL 2B 
 
425
Motion00--Sweep--0.11g
0 10 20 30
Time (hr)
0
1
2
3
4
5 PPT6
0 10 20 30
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 10 20 30
0
1
2
3
4
5 PPT4
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 10 20 30
0
1
2
3
4
5 PPT2
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
 
426
0 10 20 30
Time (hr)
0
0.4
0.8
1.2
1.6
2 PPT12
0 10 20 30
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT11
0 10 20 30
0
1
2
3
4
5 PPT10
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT9
0 10 20 30
0
1
2
3
4
5 PPT8
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT7
Motion00--Sweep--0.11g
 
 
 
427
0 10 20 30
Time (hr)
0
1
2
3
4
5 PPT18
0 10 20 30
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT17
0 10 20 30
0
1
2
3
4
5 PPT16
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT15
0 10 20 30
0
1
2
3
4
5 PPT14
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
Motion00--Sweep--0.11g
 
 
 
428
Motion01--Sweep--0.10g
0 1 2 3 4
Time (hr)
0
1
2
3
4
5 PPT6
0 1 2 3 4
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 1 2 3 4
0
1
2
3
4
5 PPT4
0 1 2 3 4
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 1 2 3 4
0
1
2
3
4
5 PPT2
0 1 2 3 4
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
 
429
0 1 2 3 4
Time (hr)
0
1
2
3
4
5 PPT12
0 1 2 3 4
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT11
0 1 2 3 4
0
1
2
3
4
5 PPT10
0 1 2 3 4
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT9
0 1 2 3 4
0
1
2
3
4
5 PPT8
0 1 2 3 4
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT7
Motion01--Sweep--0.10g
 
 
 
430
0 1 2 3 4
Time (hr)
0
1
2
3
4
5 PPT18
0 1 2 3 4
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT17
0 1 2 3 4
0
1
2
3
4
5 PPT16
0 1 2 3 4
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT15
0 1 2 3 4
0
1
2
3
4
5 PPT14
0 1 2 3 4
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
Motion01--Sweep--0.10g
 
 
 
431
Motion02--50cyc--0.03g
0 4 8 12 16
Time (hr)
0
1
2
3
4
5 PPT6
0 4 8 12 16
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 4 8 12 16
0
1
2
3
4
5 PPT4
0 4 8 12 16
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 4 8 12 16
0
1
2
3
4
5 PPT2
0 4 8 12 16
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
 
432
0 4 8 12 16
Time (hr)
0
1
2
3
4
5 PPT12
0 4 8 12 16
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT11
0 4 8 12 16
0
1
2
3
4
5 PPT10
0 4 8 12 16
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT9
0 4 8 12 16
0
1
2
3
4
5 PPT8
0 4 8 12 16
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT7
Motion02--50cyc--0.03g
 
 
 
433
0 4 8 12 16
Time (hr)
0
1
2
3
4
5 PPT18
0 4 8 12 16
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT17
0 4 8 12 16
0
1
2
3
4
5 PPT16
0 4 8 12 16
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT15
0 4 8 12 16
0
1
2
3
4
5 PPT14
0 4 8 12 16
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
Motion02--50cyc--0.03g
 
 
 
434
Motion02A--50cyc--0.07g
0 10 20 30
Time (hr)
0
1
2
3
4
5 PPT6
0 10 20 30
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 10 20 30
0
1
2
3
4
5 PPT4
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 10 20 30
0
1
2
3
4
5 PPT2
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
 
435
0 10 20 30
Time (hr)
0
1
2
3
4
5 PPT12
0 10 20 30
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT11
0 10 20 30
0
1
2
3
4
5 PPT10
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT9
0 10 20 30
0
1
2
3
4
5 PPT8
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT7
Motion02A--50cyc--0.07g
 
 
 
436
0 10 20 30
Time (hr)
0
1
2
3
4
5 PPT18
0 10 20 30
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT17
0 10 20 30
0
1
2
3
4
5 PPT16
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT15
0 10 20 30
0
1
2
3
4
5 PPT14
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
Motion02A--50cyc--0.07g
 
 
 
437
Motion03--30cyc--0.13g
0 10 20 30
Time (hr)
0
1
2
3
4
5 PPT6
0 10 20 30
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 10 20 30
0
1
2
3
4
5 PPT4
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 10 20 30
0
1
2
3
4
5 PPT2
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
 
438
0 10 20 30
Time (hr)
0
1
2
3
4
5 PPT12
0 10 20 30
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT11
0 10 20 30
0
1
2
3
4
5 PPT10
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT9
0 10 20 30
0
1
2
3
4
5 PPT8
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT7
Motion03--30cyc--0.13g
 
 
 
439
0 10 20 30
Time (hr)
0
1
2
3
4
5 PPT18
0 10 20 30
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT17
0 10 20 30
0
1
2
3
4
5 PPT16
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT15
0 10 20 30
0
1
2
3
4
5 PPT14
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
Motion03--30cyc--0.13g
 
 
 
440
Motion04--Sweep--0.12g
0 10 20 30
Time (hr)
0
1
2
3
4
5 PPT6
0 10 20 30
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 10 20 30
0
1
2
3
4
5 PPT4
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 10 20 30
0
1
2
3
4
5 PPT2
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
 
441
0 10 20 30
Time (hr)
0
1
2
3
4
5 PPT12
0 10 20 30
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT11
0 10 20 30
0
1
2
3
4
5 PPT10
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT9
0 10 20 30
0
1
2
3
4
5 PPT8
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT7
Motion04--Sweep--0.12g
 
 
 
442
0 10 20 30
Time (hr)
0
1
2
3
4
5 PPT18
0 10 20 30
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT17
0 10 20 30
0
1
2
3
4
5 PPT16
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT15
0 10 20 30
0
1
2
3
4
5 PPT14
0 10 20 30
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
Motion04--Sweep--0.12g
 
 
 
443
Motion05--50cyc--0.44g
0 20 40 60
Time (hr)
0
10
20
30
40 PPT6
0 20 40 60
Time (hr)
0
10
20
30
40
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 20 40 60
0
10
20
30
40 PPT4
0 20 40 60
0
10
20
30
40
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 20 40 60
0
10
20
30
40 PPT2
0 20 40 60
0
10
20
30
40
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
 
444
0 20 40 60
Time (hr)
0
10
20
30
40 PPT12
0 20 40 60
Time (hr)
0
10
20
30
40
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT11
0 20 40 60
0
10
20
30
40 PPT10
0 20 40 60
0
10
20
30
40
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT9
0 20 40 60
0
10
20
30
40 PPT8
0 20 40 60
0
10
20
30
40
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT7
Motion05--50cyc--0.44g
 
 
 
445
0 20 40 60
Time (hr)
0
10
20
30
40 PPT18
0 20 40 60
Time (hr)
0
10
20
30
40
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT17
0 20 40 60
0
10
20
30
40 PPT16
0 20 40 60
0
10
20
30
40
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT15
0 20 40 60
0
10
20
30
40 PPT14
0 20 40 60
0
10
20
30
40
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
Motion05--50cyc--0.44g
 
 
 
446
Motion06--30cyc--0.13g
0 5 10 15 20 25
Time (hr)
0
1
2
3
4
5 PPT6
0 5 10 15 20 25
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 5 10 15 20 25
0
1
2
3
4
5 PPT4
0 5 10 15 20 25
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 5 10 15 20 25
0
1
2
3
4
5 PPT2
0 5 10 15 20 25
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
 
447
0 5 10 15 20 25
Time (hr)
0
1
2
3
4
5 PPT12
0 5 10 15 20 25
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT11
0 5 10 15 20 25
0
1
2
3
4
5 PPT10
0 5 10 15 20 25
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT9
0 5 10 15 20 25
0
1
2
3
4
5 PPT8
0 5 10 15 20 25
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT7
Motion06--30cyc--0.13g
 
 
 
448
0 5 10 15 20 25
Time (hr)
0
1
2
3
4
5 PPT18
0 5 10 15 20 25
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT17
0 5 10 15 20 25
0
1
2
3
4
5 PPT16
0 5 10 15 20 25
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT15
0 5 10 15 20 25
0
1
2
3
4
5 PPT14
0 5 10 15 20 25
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
Motion06--30cyc--0.13g
 
 
 
449
Motion07--Sweep--0.02g
0 2 4 6 8
Time (hr)
0
1
2
3
4
5 PPT6
0 2 4 6 8
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 2 4 6 8
0
1
2
3
4
5 PPT4
0 2 4 6 8
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 2 4 6 8
0
1
2
3
4
5 PPT2
0 2 4 6 8
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
 
450
0 2 4 6 8
Time (hr)
0
1
2
3
4
5 PPT12
0 2 4 6 8
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT11
0 2 4 6 8
0
1
2
3
4
5 PPT10
0 2 4 6 8
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT9
0 2 4 6 8
0
1
2
3
4
5 PPT8
0 2 4 6 8
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT7
Motion07--Sweep--0.02g
 
 
 
451
0 2 4 6 8
Time (hr)
0
1
2
3
4
5 PPT18
0 2 4 6 8
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT17
0 2 4 6 8
0
1
2
3
4
5 PPT16
0 2 4 6 8
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT15
0 2 4 6 8
0
1
2
3
4
5 PPT14
0 2 4 6 8
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
Motion07--Sweep--0.02g
 
 
 
452
Motion00--Sweep--0.11g
0 10 20 30
Time (s)
8
9
10
11
12
D
isp
la
ce
m
en
t (
cm
)
LVDT3
0 10 20 30
10
12
14
16
D
isp
la
ce
m
en
t (
cm
)
LVDT2
0 10 20 30
4
4.4
4.8
5.2
5.6
6
6.4
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
453
Motion01--Sweep--0.1g
0 1 2 3 4
Time (s)
-0.04
-0.02
0
0.02
0.04
0.06
D
isp
la
ce
m
en
t (
cm
)
LVDT3
0 1 2 3 4
-0.04
0
0.04
0.08
0.12
0.16
D
isp
la
ce
m
en
t (
cm
)
LVDT2
0 1 2 3 4
-0.03
-0.02
-0.01
0
0.01
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
454
Motion02--50cyc--0.03g
0 4 8 12 16
Time (s)
-0.3
-0.25
-0.2
-0.15
-0.1
-0.05
0
D
isp
la
ce
m
en
t (
cm
)
LVDT3
0 4 8 12 16
0.2
0.22
0.24
0.26
0.28
D
isp
la
ce
m
en
t (
cm
)
LVDT2
0 4 8 12 16
0.04
0.05
0.06
0.07
0.08
0.09
0.1
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
455
Motion02A--50cyc--0.07g
0 10 20 30
Time (s)
0
0.1
0.2
0.3
0.4
0.5
0.6
D
isp
la
ce
m
en
t (
cm
)
LVDT3
0 10 20 30
9.5
9.6
9.7
9.8
9.9
10
10.1
D
isp
la
ce
m
en
t (
cm
)
LVDT2
0 10 20 30
2.16
2.2
2.24
2.28
2.32
2.36
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
456
Motion03--30cyc--0.13g
0 10 20 30
Time (s)
0.3
0.4
0.5
0.6
0.7
0.8
D
isp
la
ce
m
en
t (
cm
)
LVDT3
0 10 20 30
12.6
12.8
13
13.2
D
isp
la
ce
m
en
t (
cm
)
LVDT2
0 10 20 30
1.8
1.9
2
2.1
2.2
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
457
Motion04--Sweep--0.12g
0 10 20 30
Time (s)
0.7
0.8
0.9
1
1.1
1.2
D
isp
la
ce
m
en
t (
cm
)
LVDT3
0 10 20 30
7.6
7.7
7.8
7.9
8
D
isp
la
ce
m
en
t (
cm
)
LVDT2
0 10 20 30
2.16
2.2
2.24
2.28
2.32
2.36
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
458
Motion05--50cyc--0.44g
0 20 40 60
Time (s)
7.8
8
8.2
8.4
8.6
D
isp
la
ce
m
en
t (
cm
)
LVDT3
0 20 40 60
69
70
71
72
73
D
isp
la
ce
m
en
t (
cm
)
LVDT2
0 20 40 60
22.6
22.8
23
23.2
23.4
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
459
Motion06--30cyc--0.13g
0 5 10 15 20 25
Time (s)
0.09
0.1
0.11
0.12
0.13
0.14
0.15
D
isp
la
ce
m
en
t (
cm
)
LVDT3
0 5 10 15 20 25
6.1
6.2
6.3
6.4
6.5
6.6
D
isp
la
ce
m
en
t (
cm
)
LVDT2
0 5 10 15 20 25
0.4
0.42
0.44
0.46
0.48
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
460
Motion07--Sweep--0.02g
0 2 4 6 8
Time (s)
0.055
0.06
0.065
0.07
0.075
0.08
0.085
D
isp
la
ce
m
en
t (
cm
)
LVDT3
0 2 4 6 8
-0.62
-0.6
-0.58
-0.56
-0.54
-0.52
D
isp
la
ce
m
en
t (
cm
)
LVDT2
0 2 4 6 8
0.02
0.04
0.06
0.08
0.1
0.12
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
461
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MODEL 3B 
 
462
 
Motion01--CycleSweep--0.06g
0 20 40 60
Time (hr)
0
1
2
3
4
5 PPT6
0 20 40 60
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 20 40 60
0
1
2
3
4
5 PPT4
0 20 40 60
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 20 40 60
0
1
2
3
4
5 PPT2
0 20 40 60
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
463
0 20 40 60
Time (hr)
0
1
2
3
4
5 PPT12
0 20 40 60
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT11
0 20 40 60
0
1
2
3
4
5 PPT10
0 20 40 60
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT9
0 20 40 60
0
1
2
3
4
5 PPT8
0 20 40 60
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT7
Motion01--CycleSweep--0.06g
 
 
 
464
0 20 40 60
Time (hr)
0
1
2
3
4
5 PPT18
0 20 40 60
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT17
0 20 40 60
0
1
2
3
4
5 PPT16
0 20 40 60
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT15
0 20 40 60
0
1
2
3
4
5 PPT14
0 20 40 60
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
Motion01--CycleSweep--0.06g
 
 
465
Motion02--4Hz30cyc--0.14g
0 20 40 60
Time (hr)
0
1
2
3
4
5 PPT6
0 20 40 60
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 20 40 60
0
1
2
3
4
5 PPT4
0 20 40 60
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 20 40 60
0
1
2
3
4
5 PPT2
0 20 40 60
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
466
0 20 40 60
Time (hr)
0
1
2
3
4
5 PPT12
0 20 40 60
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT11
0 20 40 60
0
1
2
3
4
5 PPT10
0 20 40 60
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT9
0 20 40 60
0
1
2
3
4
5 PPT8
0 20 40 60
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT7
Motion02--4Hz30cyc--0.14g
 
 
467
0 20 40 60
Time (hr)
0
1
2
3
4
5 PPT18
0 20 40 60
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT17
0 20 40 60
0
1
2
3
4
5 PPT16
0 20 40 60
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT15
0 20 40 60
0
1
2
3
4
5 PPT14
0 20 40 60
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
Motion02--4Hz30cyc--0.14g
 
 
468
Motion03--CycleSweep@54g--0.05g
0 4 8 12 16 20
Time (hr)
0
1
2
3
4
5 PPT6
0 4 8 12 16 20
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT5
0 4 8 12 16 20
0
1
2
3
4
5 PPT4
0 4 8 12 16 20
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT3
0 4 8 12 16 20
0
1
2
3
4
5 PPT2
0 4 8 12 16 20
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT1
 
 
469
0 4 8 12 16 20
Time (hr)
0
1
2
3
4
5 PPT12
0 4 8 12 16 20
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT11
0 4 8 12 16 20
0
1
2
3
4
5 PPT10
0 4 8 12 16 20
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT9
0 4 8 12 16 20
0
1
2
3
4
5 PPT8
0 4 8 12 16 20
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT7
Motion03--CycleSweep@54g--0.05g
 
 
470
0 4 8 12 16 20
Time (hr)
0
1
2
3
4
5 PPT18
0 4 8 12 16 20
Time (hr)
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT17
0 4 8 12 16 20
0
1
2
3
4
5 PPT16
0 4 8 12 16 20
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT15
0 4 8 12 16 20
0
1
2
3
4
5 PPT14
0 4 8 12 16 20
0
1
2
3
4
5
Ex
ce
ss
 P
or
e 
Pr
es
su
re
 (k
Pa
) PPT13
Motion03--CycleSweep@54g--0.05g
 
 
471
Motion01--CycleSweep--0.06g
0 20 40 60
Time (s)
1.2
1.6
2
2.4
2.8
D
isp
la
ce
m
en
t (
cm
)
LVDT3
0 20 40 60
0
10
20
30
40
D
isp
la
ce
m
en
t (
cm
)
LVDT2
0 20 40 60
9
12
15
18
21
24
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
472
Motion02--4Hz30cyc--0.14g
0 20 40 60
Time (s)
0.2
0.3
0.4
0.5
0.6
0.7
0.8
D
isp
la
ce
m
en
t (
cm
)
LVDT3
0 20 40 60
0
5
10
15
20
25
D
isp
la
ce
m
en
t (
cm
)
LVDT2
0 20 40 60
3
6
9
12
15
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
 
 
473
Motion03--CycleSweep@54g--0.05g
0 4 8 12 16 20
Time (s)
-0.8
-0.6
-0.4
-0.2
0
D
isp
la
ce
m
en
t (
cm
)
LVDT3
0 4 8 12 16 20
20
30
40
50
D
isp
la
ce
m
en
t (
cm
)
LVDT2
0 4 8 12 16 20
9
12
15
18
D
isp
la
ce
m
en
t (
cm
)
LVDT1
 
474
VITA 
 
 
 
Nicholas Eugene Malasavage 
Mahanoy City, Pennsylvania 
United States of America 
 
EDUCATION: 
 
DREXEL UNIVERSITY. Ph.D. Geotechnical Engineering, March 2010. 
DREXEL UNIVERSITY. M.S. Geotechnical Engineering, December 2007. 
DREXEL UNIVERSITY. B.S. Civil Engineering, June 2005. 
 
EMPLOYMENT EXPERIENCE: 
 
DREXEL UNIVERSITY, Philadelphia, PA., June 2005 to June 2010 
SCHNABEL ENGINEERING, West Chester, PA, May 2007 to May 2010 
SITE-BLAUVELT ENGINEERS, Mount Laurel, NJ, September 2001 to June 2005 
 
PUBLICATIONS 
 
Wartman, J. and Malasavage, N. 2010. “Were Topographic Effects Responsible for Building 
Collapses in the 2001 Southern Peru Earthquake?”, 7th International Conference on Urban 
Earthquake Engineering, Tokyo, Japan. 
Wartman, J. and Malasavage, N., 2009. “Spatial analysis for urban damage patterns”, Chapter 7 
in Methods and Techniques in Urban Engineering, I-Tech Publishing, (in press). 
Grubb, D.G., Smith, C.J., Chrysochoou, M. and Malasavage, N.E., 2009. “Stabilized Dredged 
Material I: A parametric study.” Journal of Geotechnical and Geoenvironmental 
Engineering, (in press). 
Grubb, D.G., Malasavage, N.E., Smith, C.J. and Chrysochoou, M., 2009. “Stabilized Dredged 
Material II: Geomechanical behavior.” Journal of Geotechnical and Geoenvironmental 
Engineering, (in press). 
Chrysochoou, M., Grubb, D.G., Drengler, K.L. and Malasavage, N.E. 2009 “Stabilized Dredged 
Material III: A mineralogical perspective.” Journal of Geotechnical and Geoenvironmental 
Engineering, (in press). 
Chrysochoou, M., Grubb, D.G., and Malasavage, N.E. 2009 “Stabilized Dredged Material IV: 
Ettringite vs. Swell.” Journal of Geotechnical and Geoenvironmental Engineering, 
(submitted). 
Grubb, D.G., Wartman, J. and Malasavage, N.E., 2007. “Aging of crushed glass-dredged material 
(CG-DM) blend embankments”, Journal of Geotechnical and Geoenvironmental 
Engineering, Vol. 134, No. 11, 1676-1674. 
Malasavage, N.E., Gallagher, P.M., Grubb, D.G., Wartman, J., and Carnivale III, M., 2007.  
“Modifying a plastic clay with crushed glass: implications for constructed fills”, Soils and 
Foundations, Vol. 47 No. 6. 
Malasavage, N.E. and Wartman, J., 2008. “Spatial analysis of damage distribution trends in 
Southern Peru”, Geotechnical Engineering and Soil Dynamics IV, 28-22 May, pp. 10. 
Grubb, D.G., Wartman, J., Malasavage, N.E., and Mibroda, J., 2007. “Turning mud into suitable 
fill: Amending OH, ML-MH and CH soils with curbside-collected crushed glass (CG)”, 
GeoDenver 2007, 18-21 February, pp. 14
  
 
 
 
